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ADVERTISEMENT. 


The Committee appointed by the Royal Society to direct the publication of the 
Philosophical Transactions , take this opportunity to acquaint the Public, that it fully 
appears, as well from the Council-books and Journals of the Society, as from repeated 
declarations which have been made in several former Transactions , that the printing of 
them was always, from time to time, the single act of the respective Secretaries till the 
Forty-seventh Volume ; the Society, as a Body, never interesting themselves any further 
in their publication, than by occasionally recommending the revival of them to some of 
their Secretaries, when, from the particular circumstances of their affairs, the Transactions 
had happened for any length of time to be intermitted. And this seems principally to 
have been done with a view to satisfy the Public, that their usual meetings were then 
continued, for the improvement of knowledge, and benefit of mankind, the great ends 
of their first institution by the Royal Charters, and which they have ever since steadily 
pursued. 

But the Society being of late years greatly enlarged, and their communications more 
numerous, it was thought advisable that a Committee of their members should be 
appointed, to reconsider the papers read before them, and select out of them such as 
they should judge most proper for publication in the future Transactions', which was 
accordingly done upon the 26th of March 1752. And the grounds of their choice are, and 
will continue to be, the importance and singularity of the subjects, or the advantageous 
manner of treating them ; without pretending to answer for the certainty of the facts, 
or propriety of the reasonings, contained in the several papers so published, which must 
still rest on the credit or judgement of their respective authors. 

It is likewise necessary on this occasion to remark, that it is an established rule of 
the Society, to which they will always adhere, never to give their opinion, as a Body, 
upon any subject, either of Nature or Art, that comes before them. And therefore the 
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thanks, which are frequently proposed from the Chair, to be given to the authors of 
such papers as are read at their accustomed meetings, or to the persons through whose 
hands they received them, are to be considered in no other light than as a matter of 
civility, in return for the respect shown to the Society by those communications. The 
like also is to be said with regard to the several projects, inventions, and curiosities of 
various kinds, which are often exhibited to the Society; the authors whereof,- or those 
who exhibit them, frequently take the liberty to report and even to certify in the public 
newspapers, that they have met with the highest applause and approbation. And 
therefore it is hoped that no regard will hereafter be paid to such reports and public 
notices ; which in some instances have been too lightly credited, to the dishonour of the 
Society. 

The Meteorological Journal hitherto kept by the Assistant Secretary at the Apart- 
ments of the Royal Society, by order of the President and Council, and published in 
the Philosophical Transactions, has been discontinued. The Government, on the recom- 
mendation of the President and Council, has established at the Royal Observatory at 
Greenwich, under the superintendence of the Astronomer Royal, a Magnetical and 
Meteorological Observatory, where observations are made on an extended scale, which 
are regularly published. These, which correspond with the grand scheme of observations 
now carrying out in different parts of the globe, supersede the necessity of a continuance 
of the observations made at the Apartments of the Royal Society, which could not be 
rendered so perfect as was desirable, on account of the imperfections of the locality and 
the multiplied duties of the observer. 
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PHILOSOPHICAL TRANSACTIONS 


I. On the Influence of Temperature on the Electric Conducting Power of Metals. 
By Augustus Matthiessen, F.B.S . , and Moritz von Bose. 


Received December 5, 1861, — Read January 16, 1862. 

The results obtained by different observers in their researches on the influence of 
temperature on the electric conducting power of metals do not agree at all together. 
The differences in, their results may be partly owing to their not having tested pure 
metals, and partly to their not having taken into consideration the fact that, when a 
wire of a pure metal is heated for the first time to 100° C., an alteration in the con- 
ducting power of the wire is observed on its again being cooled ; in fact, it is necessary 
to keep the wire for several days at 100° before its conducting power, on again being 
cooled, becomes constant. 

In the experiments we are about to detail we have taken great care to employ only 
pure metals, as well as a method and a disposition of the apparatus with which great 
accuracy could be obtained. 

The method employed for the determination of the resistances is fully described in 
the ‘ Philosophical Magazine ’ for February 1857. Fig. 1 shows the disposition of the 
apparatus. B is the trough in which the wires were heated: these were soldered to 
two thick copper wires F (4-5 millims. thick), bent as shown in the figure, and end- 
ing in the mercury-cups E, .which were connected with the apparatus by two other 
copper wires, F', of the same thickness. C is a piece of board placed in such a manner 
as to prevent the heat of the trough from radiating on the apparatus. The merchry- 
cups O are made of small blocks of wood, through which holes are bored just large 
enough to take the thick wires, and to the bottoms of which blocks amalgamated copper 
plates are fastened. Now it is clear that if the ends of the thick copper wires are filed 
flat, and well am&lgamated, and the mercury-cups are filled with mercury, this method 
of connexion Aay be looked upon as a soldering of the copper plates to the wires, or, 
in other words, as a perfect connexion ; for the wires may be removed ^s often as 
required, and on replacing them the. same resistance is always observed. The wires F", 
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to which the normal wire (in the glass cylinder G) is soldered, are also 4-6 millims, 
thick. The reason why such* thick wires were chosen was to make any difference in 
their resistance, caused by the change of temperature in the room or by the heating of 
the ends in the oil-bath, so small that no correction was necessary. This was proved to 
be the case by the following experiment After having soldered a wire in the trough 
to the ends of the thick copper wires, and determined its resistance with the normal 
wire generally used, the wire F at e was heated with the 6-Bunsen burner much above 



100° C., and the resistance of the circuit was again determined whilst the wire was at 
that temperature, when it was found to have increased only 0’08 per cent. ; we did not, 
therefore, consider it necessary to make any correction for the increase of resistance 
caused by the heating of the ends of the thick wires in the trough. The resistance of 
the copper wires was determined at the ordinary temperature, and brought into calcu- 
lation without further correction. Before the commencement of each series, all the 
ends of the wires dipping into the mercury-cups were carefully re-amalgamated. L, L' 
are the two commutators fitting into four mercury-cups at o. 

Tjie wire stretched on the board H is of german silver instead of copper, as was for- 
merly described ; its half-length was 4650 millims. The length of the board is abont 
1500 millims.; the wire, therefore, was wound backwards and forwards several times on 
the one side ; this is not visible fh the figure. By using normal wires of different resist- 
ances, and by choosing proper lengths of the wire to be tested, it was always possible to 
begin the observations with the block M within 100 millims. of the middle of the wire. 
Great care was taken to lift the block M off the wire when it was moved, in order to 
prevent a# much as possible its wearing. It may be mentioned that, although we 
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generally worked with only one of the commutators, and therefore mostly used the one 
half of the wire, the zero-point of the wire only varied, during the whole of the experi- 
ments, which have taken almost a year to carry out, 3 millims. The zero-point was 
always determined before each series was begun. The distance the block M was moved 
when the resistance of a wire was determined, first at 0° and then at 100°, was, for pure 
metals in a solid state, about 800 millims., or about 8 millims. for 1°. As, however, the 
movement of the block M of 1 millim. caused a deflection of the needles of the galva- 
nometer I of 20° to 30°, it is evident, with the apparatus employed, that the differences 
in the resistance of a wire to values less than those corresponding to 0°T C. can be 
accurately determined. Our results, moreover, prove this to be the case, as in many 
instances the difference between the observed and calculated conducting powers for the 
whole series do not amount to values equal to 0°*1 to 0 o, 2 G. 

The trough B is a double one, the space between the inner and outer one being 20 
millims. The dimensions of the inner trough were 400 millims. long, 80 millims. wide, 
and 80 millims. deep. Through the ends of both two holes of about 20 millims. wide 
were made, in which good corks were fitted, and through these passed the thick copper 
wires F ; and also at one end a glass tube d, wide enough to allow the thermometer c 
to pass freely. A piece of india-rubber tubing, fitting over the glass tube d, and tightly 
round the thermometer, closed the tube, but allowed the thermometer to be moved either 
backward or forward with great ease. The tubes a are for filling the space between the 
inner and outer troughs with oil. 

The wire to be tested lay in the trough, as shown in fig. 2, on a small glass tray, 
made by splitting a glass tube longitudinally, thereby preventing any possibility of its 
touching the trough, and also guarding it from being moved by the stirrer. A second 
trough, of somewhat smaller dimensions, was also used. 

The use of an oil-bath for heating the wires has been objected to by a former 
observer*; it was therefore necessary to determine experimentally whether there was 
any real reason for the objection or not. He states that, as oil conducts electricity 
better on being heated than when cold, the differences between the conducting powers 
of cold and hot oil will materially affect the values obtained for the resistances of wire 
which had been determined at different temperatures in that liquid. In order to test 
the accuracy of this assertion, two copper plates of about 150 millims. diameter were 
connected, the one with the galvanometer, the other with a single Bunsen’s cell ; and to 
complete the circuit, this was connected with the galvanometer. A piece of filtering- 
paper, moistened with the olive-oil used, was placed between the copper plates, and 
these were pressed together with a weight. On completing the circuit not the slightest 
deflection of the needles was observed; the copper plates were then heated to above 
100° C., and still no deflection was visible. To show that the connexions were good, a 
drop of water was put on the oiled paper; and immediately the needles of the galvano- 
meter were sent with great violence to the stops. This proves that although oil may 

• Abndsten, Pogqekdorfi’b ‘ Annalen,’ vol civ. p. 1. 

B 2 
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have a higher conducting power when hot than cold, yet in either case it is so infinitely 
small, that it cannot influence the results obtained in the manner just described. 

Again, it was proved in a former research* that the formula for the correction of 
conducting power for temperature of a wire, deduced from the observations made in an 
oil- or air-bath, were exactly the same. Thus the formula obtained for an annealed 
wire of the gold-silver alloy heated in the oil-bath was 

X=15*052— 001074J+0-00000714* 3 , 

and that for the same wire heated in an air-bath was 

X=15059— 0*01077^+0*00000722^. 

As, however, more accurate results may be obtained by experimenting in an oil- than 
in an air-bath, on account of the wires taking more readily the temperature of the bath, 
and of their being more rapidly cooled if heated by the current passing through them, 
we have chosen this manner of heating the wires in preference to the other. 

As oil, and more especially oil when hot, attacks most wires to a degree which would 
render the observations valueless, we were obliged to varnish them. The best varnish 
for the purpose is a solution of shell-lac in alcohol. For instance, a hard-drawn copper 
wire, not varnished, loses in conducting power after having been heated in an oil-bath 
to 100°, but if varnished, increases. To show that varnishing has no effect on the 
results, we give in Table I. the conducting power of a hard-drawn gold wire, first not 
varnished, and then varnished. Each result is the mean of two observations. 


Table I. 


Not varnished. 

Varnished. 


Conducting power. 



Conducting power. 


T. 



Difference. 




Difference. 

Observed. 

Calculated. 

T. 

Observed. 

Calculated. 




16*30 

72*697 

72*705 

mm 

13*85 

731 20 

73*085 

+ 0*035 


68*806 

68*879 

^J® |1 

30*95 

68*756 

68*782 

-0*026 

48*65 

64*659 

64*717 


49*55 

64*523 

64*520 

+ 0*003 

69*55 

60*409 ' 

60*423 

^j® ft* 

68*40 

60*636 

60*645 

-0*009 

83*25 

57*915 

57*906 

S® 

84*55 

57*704 

57*680 

+ 0*024 


55*151 

55*174 

gs if 

98*70 

55*346 

55*352 

-0*006 

84*55 

57*704 

57*680 

+ 0*024 

84*90 

57*645 

57*620 

+ 0*025 


60*224 

60*184 

+ 0*040 

70*25 

60*318 

60*289 

+ 0*029 


64*239 

64*239 


51*20 

64*149 

64*164 

-0*015 

HJf? Si 

68*746 

68*782 


30*60 

68*886 

68*866 

+ 0*020 

16*80 

72*343 

72*816 

+ 0*027 

17*85 

72*111 

72*045 

+ 0*066 


The formula deduced from the observations, and from which the conducting powers 
were calculated, was 

Xss76*838— 0*27973H-0*0006285tf*. 

The thermometers used were: — 1. One divided into degrees, each of which was 3*6 

* Philosophical Magazine for February 1861. 
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millims. long. With very little practice the temperature could be read off to 0°*1 C. 
with accuracy. This thermometer was calibrated by ourtelves, and afterwards com- 
pared with a normal thermometer from Kew Observatory, for which we were indebted 
to the kindness of Mr. Balfour Stewart. The corrected readings of our thermometer 
agreed perfectly with those of the Kew thermometer. 2. A normal thermometer from 
Messrs. Negrjtti and Zambra, divided into 0°*2 C. This was compared with the Kew 
thermometer and found to be correct. The boiling- and freezing-points of the thermo- 
meters were taken at intervals, and the necessary corrections made. 

As the light in the room where the experiments were made came from above, and as 
the thermometers lay horizontally in $he trough, by placing the eye in a position so that 
the division on the thermometer covered its reflexion on the column of mercury, all 
error of parallax was avoided. The thermometers were always read off with the help 
of the magnifying glass A through the oil in the glass tube d , so that the whole of the 
column of mercury had very nearly the temperature of the bath. 

The normal wires were made of annealed german silver, and their resistances deter- 
mined by comparing them with a hard-drawn wire of the gold-silver alloy *. They wen* 
soldered to two thick copper wires, varnished, and when used placed in the cylinder G, 
filled with oil, in which a thermometer hung. The temperature of the oil was taken 
immediately after eachsobservation, and the conducting power of the normal wire cor- 
rected by the use of the formula * 

A= 7*803— 0*0034619tf+00000003951tf*, 

which was found by the determination of the conducting powers, at different tempera- 
tures, of a piece of wire from the same coil as that from which the normal wires were 
cut. In this paper we have taken as unit the conducting power of a hard-drawn silver 
wire at 0° C.=100 (that of the hard-drawn gold-silver alloy at 0° being =15*03), in 
order to be able to compare at sight the present determinations with those made by one 
of us a short time agof. 

Before beginning a series, as already stated, all the ends of the wires dipping in the 
mercury-cups were re-amalgamated, and the zero-point of the scale redetermined. The 
current from the cell D was only allowed to pass through the apparatus for a second or 
two at a time, for fear of heating the wires, &c. 

From 0° to 100° seven intervals were chosen at which observations were made, viz. 
12°, 25°, 40?, 55°, 70°, 85°, 100°. With a little practice the flames of the 6-Bunsen 
burner could be regulated so as to come within a degree or two of the above tempera- 
tures. For about five minutes before, and whilst making the observations, the oil in 
the trough was stirred, one observer being at the trough whilst the other determined 
the resistances. Four observations at each interval were generally made on heating the 
wire to 100°, and again four at eachfinterval on cooling (where this was not the case it 
will be mentioned with the series). 

* Philosophical Magazine, February 1861 . 
t Philosophical Tigpsactions, 1868 and 1860 . 
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To save space, the mean only of the eight observations will be given, as otherwise the 
number of figures would be very great. Table I. may be taken as a fair example of the 
results obtained. The formulae from which the conducting powers have been calculated is 

'h=x-\-yt+zt*, 

where X is the conducting power at f C., x the conducting power at (£, and y and z 
constants. The values for x, y, and z were deduced from the mean of the observations 
by the method of least squares. 

We will now proceed to the experiments made with each metal, making at the same 
time a few remarks on their purification, &c., and then see what general laws and con- 
clusions we may draw from the results obtained. 

Silver. 

Purified by precipitating nitrate of silver with hydrochloric acid, and reducing the 
washed chloride with pure carbonate of sodium. Wires 1, 2, and 3 were of different 
preparations. Table II. gives the results obtained with these wires. 

Table II. 



First wire. 

m Second wire. 

Third wire. 

Hard drawn. 

Annealed. 

Hard drawn. 

Annealed. 

Hard drawn. 

MBS55M 

Length 

Diameter 

1546 millima. 
0*462 millim. 

1535 tnillims. 
0*462 miilim. 

1753 millims. 
0*596 millim. 

1741 millims. 
0*596 millim. 

1962 millim* 
0*448 millim. 

1953 millims. 
0*648 millim. 

Conducting power 
found before heat- 
ing the hard-drawn 
wires 

Conducting power 
after being kept at 
100°forlday ... 

Ditto, for £ days... 

Ditto, for 3 days... 

Ditto, for 4 days... 

Ditto, for 5 days... 

Ditto, for 6 days ... 

„ Reduced to CP. 

97*645 at 16*4 103*528 

98*138 at 16*2 104*364 
98*913 at 15*6 104*951 

99*837 at 16*0 106*091 

99*212 at 18*4 106*377 

99*586 at If *4 106*380 

Reduced to 0°. 

95*112 at 16*0 101*149 

# 

96*618 at 15*6 102*585 

101*544 at 16*8 108*303* 

102*237 at 16*0 108*714 

101*427 at 19*2 109*162 

101*750 at 18*6 109*262 

. Reduced to O’. 

94*053 at 16*0 99*800 

95*241 at 15*4 100*839 

96*337 at 16*0 102*223 

96*671 at 17*6 103*178 

97*917 at 15*6 103*747 

97*669 at 17*4 104*168 

97*322 at 18*2 104*100 




The means of the conducting powers found for each of the following temperatures 


were — 


* During the day the temperature of the oil increased, by mistake, to 180°. 
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First wire, hard drawn. 

Second wire, hard drawn. 

Third wire, hard drawn. 

T. 

Conducting power. 

Difference. 

T. 

Conducting power. 

Difference. 

T. 

Conducting power. 

Difference. 

Observed. 

Calculated. 

Observed. 

Calculated. 

Observed. 

Calculated. 


102*238 

102*272 


12*20 



■|| 

WM 

100*534 


mm 

26-17 

96*710 


+0*065 

23*70 



H® ! m 

■jflSiil 

95*452 



38*25 

92*490 



41*70 

93*224 

93*236 

B® | m 

38*95 

90*476 



55*40 

87*130 

87*149 


56*20 





85*513 

85*478 

+ 0*035 

68*85 

83*389 

83*374 

+ 0*015 

68*90 

85*142 

B? Sf? X 


68*15 

82*244 

82*252 

BK1 

84*00 

79*540 

79*572 


85*45 


m jBk 3 

+ 0*042 

84*47 

78*393 

78*391 

+ 0*002 

101*30 

75*831 

75*813 


99*20 

78*073 



EH 

75*477 

75*484 

-0*007 

First wire, annealed. 


Second wire, annealed 

• 

Third wire, annealed. 

11*30 

103*391 

103*404 


8*00 

106*447 

106*426 

+ 0*021 

9*25 

102*543 

102*461 

+ 0*082 

24*25 

98*589 

98*576 

+ 0*013 

24*35 

99*968 

99*990 


25*55 

96*371 

96*495 

-0*124 

41*85 

92*520 

wmuB 

falglHIM 

38*05 

95*051 

95*077 


40*10 

91*589 

91*630 

-0*041 

56*45 


87*965 

+ 0*041 

55*17 

89*554 

89*554 

H® ! m 

55*17 

87*055 

87*047 

+ 0*008 

67*75 


84*714 

-0*044 

68*22 

85*847 

85*803 

+ 0*044 

68*55 

83*483 

83*367 

+ 0*116 

83*65 




83*62 

81*882 

81*888 


83*57 

79*667 

79*674 

-0*007 

98*80 

77*046 

77*042 

+ 0*004 

100*00 

78*319 

78*331 

-0*012 

100*00 

76*124 

76*163 

-0*039 


The formulae deduced from the observations, from which the conducting powers were 
calculated, were — 


For first wire (hard drawn) . 
For first wire (annealed) . . 

For second wire (hard drawn) 
For second wire (annealed) . 
For third wire (hard drawn) . 
For third wire (annealed) 


A=106*651— 0 , 40948£+0*0010370tf a . 

A=107*880-.0*40698*+0*000960H a . 

A=108'928-0-42389*+0-0011407* a . 

A=109’802— 0'43138tf-f0'0011667tf a . 
A=104*209— 0‘39124tf+0‘0010133£ a . 

A=106*088--0*40160*+0*0010235tf a . 


From the above Table it will be seen that, after heating a silver wire to 100° C. for 
some days, its conducting power is increased almost to the same extent as if it had been 
annealed, and that wires 1 and 2 were not (•npletely hard drawn. On comparing the 
difference in the conducting powers produced by annealing the wires, we find for wire 3 
it is only 6 per cent., whereas for wire 2 it is almost 10 per cent., taking the conducting 
power of the hard-drawn silver wire =100. In a former research* this difference was 
found to be — 

„ Reduced to 0°. 


1. Hard drawn .... 95*28 at 14*0 100*47 

Annealed 103*98 at 14*8 109*98 

2. Hard drawn . . . . 95*36 at 14*6 100*78 

Annealed . . . . 103*33 at 14*6 109*20 


* Philosophical Transactions, 1860. 
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These values have been reduced by using a formula which is the mean of the six 
deduced from the experiments ; for although there is a difference in the formula obtained 
for the annealed and hard-drawn (or rather partially annealed) wires, yet it is so small 
that they may be considered the same, more especially as the difference between the 
one obtained for the different wires is far greater. Taking the mean of the above values, 
and nssnm in g the influence of temperature on the conducting power of hard-drawn and 
annealed wires to be the same, we find the following formula? : — 

For hard-drawn wires A^IOO’OO — 0 , 38287£-|-0‘0009848£*. 

For annealed wires A=108-574— 0*41570£+0’0010624f s . 


Copper. 

Wires 1 and 2 were of the same piece of electrotype copper prepared for us by 
Ur. H. MUller at Messrs. 1)e la Rue and Co.’s. Wire 3 was cut off a piece of com- 
mercial electrotype copper from the same source. Table III. shows the results obtained 
with these wires. 


Table III. 


1 • 

First wire. 

t 

| Second wire. 

Third wire. 

1 _ _ . 


Hard drawn. 

Annealed. 

Hard drawn. 

Annealed. 

Hard drawn. 

Annealed. 

Length 

2262 mil li ms. 

2245-5 tnillims. 

1753 millims. 

1738 millims. 

1476 millims. 

1461 millims. 

Diameter 

0*691 iniilim. 

0*691 millim. 

0*598 millim. 

0*598 millim. 

0*537 millim. 

0*537 millim. 

Conducting power 
found before heat- 
ing thehard-drawn 


Reduced to 0°. 

o 

Reduced to 0°. 

o 

Reduced to 0°. 

wires ' 

95-672 at 10-6 

99-526 

94-355 at 15-0 

100*021 

92-568 at 20-6 

100-327 

Conducting power 
after being kept at 
100° for 1 day ... 

96-324 at 9*9 

99-943 

94-965 at 13-2 

99-971 

93-263 at 19*0 

100-461 

Ditto, for 2 days... 

96-750 at 11-8 

101-097 

94-880 at 14-2 

100-268 

93-720 at 18-0 

100-563 

Ditto, for 3 days... 

96-914 at 12-2 

101-418 

94-501 at 15-9 

100-524 

93-434 at 19'0 

100-645 

Ditto, for 4 days... 

97-950 at 9-8 

101-671 

94-153 at 17*2 

100-656 

93-278 at 19-6 

1-00-708 

Ditto, for 5 days... 

98-437 at 8-7 

101-682 

95*0 at 14-4 

101-074 

92*865 at 20-6 

100-649 

Ditto, for 6 days... 
Ditto, for 7 days..; 

1 


94-327 at 18-2 
96-575 at 12-7 

101-230 

101-469 

92-738 at CM 

100-705 


The means of the conducting powers found for each of the following temperatures 
were — 
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Pint win, hard drawn. 

Second wire, hard drawn. 

Third wire, hard drawn. 

m 

Conducting power. 

Diflerenoe. 

T. 

Conducting power. 

Difference. 

T. 

Conducting power. 

Difference. 

Observed. 

Calculated. 

Observed. 

Calculated. 

Observed. 

Calculated. 

1§*86 

89*88 

51*03 

69*58 

83*77 

98*60 

95*473 

91*063 

84*835 

78*997 

75*413 

71*889 

95*467 

91*008 

84*315 

79*044 

75*347 

71*888 

+0*006 

+0*061 

—0*080 

—0*047 

+0*066 

-0*009 

19*17 

30*95 

48*53 

69*88 

83*77 

99*00 

94*359 

90*187 

84*518 

78*640 

75*015 

71*538 


+ 0*085 
-0*021 
-0*026 
+0*006 
+ 0*047 
-0*030 

12*65 

25*61 

39*52 

53*92 

69*90 

84*87 

99-98 

95*769 

91*061 

86*415 

82*069 

77*798 

74*172 

70*951 

95*739 

91*076 

86*456 

82*090 

77-741 

74*142 

70*987 

1 

Pint wire, annealed. 

Second wire, annealed. 

Third wire, annealed. 

17*00 

89*63 

50*88 

69*60 

83*48 

99*39 

95*535 

91*891 

84*687 

79*883 

75*636 

71*891 

95*567 

91*839 

84*786 

'79*809 

75*638 

71*893 



94*987 

90*484 

83*974 

78*836 

75*488 

71*757 

94*959 

90*449 

84*003 

78*889 

75*377 

71*784 

| 

13*45 

26*15 

39*35 

55*50 

69*90 

84*67 

99*05 


96*934 

92*260 

87*753 

82*722 

78*686 

74*988 

71*816 

+0*020 
-0*014 
-0*026 
-0*047 
+0*056 
+ 0*059 
-0*050 


The formulae deduced from the observations, from which the conducting powers were 


calculated, were— 

For first wire (hard drawn) . 
For first wire (annealed) . . 
For second wire (hard drawn) 
For second wire (annealed) . 
For third wire (hard drawn) . 
For third wire (annealed) . . 


A=10r645—0 , 37963£+0 , 0007844?*. 
X=101-791-0-37959^+0*0007921^ 
A=10T614— 0*39806£+0*0009546tf*. 
X=102-143-0*39629^+0-0009179^. 

A=100-620-0-39885tf+0'0010236f*. 

X=102*243— 0-40860^4-0 , 0010228< a . 


The observations made with wires 1 and 2 were as follows: two at each interval on 
heating and two on cooling ; again, two on heating and two on cooling, as shown in 
Table! . 

On looking at the above, we observe that wire 1, after having been kept at 100° for 
several days, increased in conducting power almost to the same extent as if it had 
been annealed, wire 2 partially so, and wire 3 hardly at all The annealing took place 
in a glass tube heated with a 4-Bunsen burlier, whilst a current of hydrogen passed 
through it. Here, again, as in the case of the silver wire, we may assume that the 
formulee of the hard-drawn and annealed copper wires are the same. In a former 
research* pure copper was found to conduct — 


1. 93-00 at 18-6 

2. 93-46 at 20-2 
8 . 92-02 at 18-4 

4. 92-76 at 19-3 

5. 92$9 at 17-6 


Reduced to 0°. 

99-877 

100-980 

99-824 

99-886 

99-453 


IfDGCCLXII. 


* Philosophical Transactions, 1860. 
0 
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The difference found between the conducting powers of hard-drawn and annealed wires 
was — 

Beduced to 0°. 


0 xwuuueu vv 

6. Hard drawn 95*31 at 11*0 99*435 

Annealed ... . . . 97*83 at 11*0 102*065 

7. Hard drawn. . . 95*72 at 11*0 99*864 

Annealed 98*02 at 11*0 102*263 


These values have been reduced to 0° as follows : take for instance the first, 93*00 at 
18°*6. The mean of the six formulae obtained for copper (see Table XV.) is 

X=100— 0*38701tf+0*0009009tf* ; 

and calculating the conducting pQwer for 18°*6 by this formula, we find it equal to 
93*114. 

Now =0-99877; 

and if all the terms of the above formula be multiplied by this ^ number, we deduce a 
formula by which the above value can be reduced. All the reductions given in this 
paper of former determinations were made in this manner, using the formulae given in 
Table XV. The reductions to 0° in the Tables were made in a like manner, the only 
difference being that the formulae found for the respective wires were used instead of 
the mean. Taking the mean of all the values found for copper, and using the mean for 
the formulae given in Table XV., we find as the formula for correction of the con- 
ducting power for temperature of ■ 

A hard-drawn wire X= 99*947— 0*38681£+0*0009004£* 

An annealed wire X=102*213-»-0*39557tf+0*0009208tf“. 

The values given as first term in the formulae were found as follows : on referring 
to the paper* from which the conducting powers of copper were taken, it will be seen 
that each of them is the mean of three determinations. The reduced values therefore 
of 1 to 6, the mean of 6, hard drawn, and 7, hard drawn, and the mean of the first deter- 
minations of the three wires given in Table III., were added together, and the mean 
taken as the conducting power of a hard-drawn copper wire at 0° C. For the annealed, 
the per-centage differences of the values of 6, hard drawn and annealed, 7, ditto, and 
of the first determinations of the three wires in Table III. and the annealed ones, were 
added together, and the mean added to the value found for the hard-drawn wire (as a per- 
centage amount). All the formulae given as end-result with each metal have been 
constructed in this manner. 

Gold. 

Purified as described in the Philosophical Transactions, 1860, p. 175. Wires 1, 2, 
and 3 were of different preparations. The results obtained with these wires are given in 
Table IV. 

* Philosophical Transactions, 1860. 
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Table IV. 


n 



First wire. 

Seoond wire. 

Third irire. 

Hard drawn. 

Annealed, 

Hard drawn. 

Annealed. 

Hard drawn. 

Annealed# 

Length.... 

Diameter 

2214 millims. 
0*7^9 millim. 

2200 millims. 
0*759 millim. 

837 millims. 
0*467 milling. 


759*5 millims. 
0*434 millim. 

742*5 miUims. 
0*434 millim. 

Conducting power 
found before heat- 
ing the hard-drawn 

wires 

Conducting power 
after being kept at 
100° for 1 day ... 
Ditto, for 2 days ... 
Ditto, for 3 days... 
Ditto, for 4 days ... 

e Seduced to 0 s . 

73*239 at 13*2 76*821 

72*746 at 15*2 76*854 

72*761 at 16*1 76*832 

e Seduced to 0®. 
72*550 at 15*1 76*561 

73*359 at 12*6 76*733 



Seduced to QP. 

67*530 at 36*8 77*289 

71*868 at 19*4 77*223 

71*854 at 20*1 77*405 

72*191 at 19*0 77*457 

72*396 at 18*0 77*394 


1 




The means of the conducting powers found for each of the following temperatures 
were — 


First wire, hard drawn. 

Seoond wire, hard drawn. 

J Third wire, hard drawn. 

T. 

Conducting power. 

Difference. 

'N. 

T. 

4 . 

Conducting power. 

r c 

Difference. 

* 

T. 

Conducting power. 

Difference. 

Observed* 

Calculated. 

Observed. 

Calculated. 



15*95 

30*76 

50*06 

69*76 

•84*31 

99*27 

72*567 

68*798 

64*392 

60*397 

57*742 

55*248 

72*536 

68*828 

64*410 

60*385 

57*722 

55*263 

+ 0*031 
-0*030 
-0*018 
+ 0*012 
+ 0*020 
-0*015 

f3*36 

24*79 

40*80 

55*65 

69*52 

84*12 

100*00 

73*222 

70*329 

66*515 

63*306 

60*528 

57*905 

55*203 

73*212 

'70*325 

66*544 

63*312 

60*531 

57*854 

55*232 

1 

12*44 

23*27 

39*42 

55*47 

70*56 

84*79 

99*00 

73*854 

70*965 

67*002 

63*441 

60*455 

57*904 

55*635 

73*841 

70*975 

67*013 

63*448 

60*435 

67*893 

55*647 

1 

+ 0*013 
-0*010 
-0*011 
-0*007 
+ 0*020 
+ 0*011 
-0*012 

- 

First wire, annealed. 


Third wire, annealed. 

14*92 

30*05 

48*87 

69*90 

82*82 

9i9*62 

74*020 

70*039 

65*575 

61*220 

58*811 

55915 

73*992 

70*068 

65*611 

61*191 

58*763 

55*948 

jj ! 

Huff? J 

At the commencement of the deter- 
minations this wire was torn away from 
its place by the stirrer. 

14*10 

26*31 

40*61 

53*72 

70*17 

85*36 

99*30 

74*327 

71*067 

67*682 

64*645 

61*229 

58*422 

56*029 

74*293 

71*095 

67*621 

64*628 

61*220 

58*388 

56*056 

1 


The formulee deduced from the observations, from which the conducting powers were 
calculated, were— 


For "first wire (hard drawn) . . 
For first wire (annealed) . . 
For second wire (hard drawn) . 
fat third wire (hard drawn . 
For third wire (annealed) # . . 


X=76*838-0-27973*+0-0006285*\ 
X=78;-161-0r28935<+00006664^. 
X=76•786-0•27549^-^-0;0005995t , . 
X= 77*343— 0*29043#+0*0007200^. 
X =7 8*231 — 0*28849tf-f*0*0006664tf\. 


The observations made with wire 1 (hard drawn) are given in Table I., those of the 
same wire (annealed) were made in the same manner. 

c 2 
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Here we find no permanent change in conducting power with wire 1, after being 
kept at 100° for several days, and only a very slight increase with wires 2 and 3. The 
formul ae for the hard-drawn and annealed wires agree so closely that they may also, as 
with silver and copper, be considered the same. 

In the paper just alluded to, the conducting power of pure gold was found — • 



1 . 

72*68 at 19*3 

Reduced to 0°. 

77*966 



2. 

73*08 at 23*3 

79*524 



3. 

73*27 at 13*8 

77*053 



4. 

73*99 at 16*1 

78*178 


The difference between hard-drawn and 

6. Hard drawn .... 

annealed wires was — 

74*20 at 14*8 

Reduced to 0°. 

78*313 


Annealed . 

• • • « • 4 

75*53 at 15*2 

79*833 

6. 

Hard drawn 

• ••«• 

73*78 at 15*5 

78*067 


Annealed . 

• • • • • 

75*18 at 15*8 

79*635 


Taking the mean of the values as with copper, the following formulae were deduced 
for the correction of conducting power for temperature 

For hard-drawn wires 1=77*964 — 0*2864 8£+0-0006582tf a . 

For annealed wires 1=79*327— -0*291496+0*00066976*. 


Zinc. 


Zinc free of arsenic was purified by distillation. All pressed wires. In Table V. the 
results obtained are given. 

Table V. 



First wire. 

Second wire. 

Third wire. 

T.pnath 

502*2 minims* 

394 millims. 

0*513 millim. 

372 minims. 

11 Ijl l ' 

0*588 millim. 

0*519 millim. 


Conducting power 
found before beet* 

ing the wires 

Ditto, after being 
kept at 100° for 
1 day 

„ Seduced to OP. 
26*744 at 23*1 29*093 

26*695 at 23*7 29*103 

_ Reduced to 0^. 

26*903 at 18*5 28*836 

27*081 at 17*6 28*919 

26*980 at 18*5 28*919 

Seduced to 0^. 

26*835 at 18*0 28*639 

26*784 at 18*6 28*636 

26*885 at 17*4 28*632 

Ditto,' for 2 days... 


The means of the conducting powers found for each of the following temfferatures 
were— 
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T. 

Oonduotiiig power. 

Different*. 

B 

Conducting power. 

Diffiwenoe. 

T. 

Conducting power. 

Difference. 

Observed. 

Calculated. 



Observed. 

Calculated. 

11-60 

24*24 

41*33 

65*08 

70*27 

82*01 

98*07 

27*913 

26*639 

26*077 

23*925 

22*757 

21*924 

20*865 

27*902 

26*653 

25*086 

23*926 

22*747 

21*912 

20*875 

+0*013 

—0*014 

-0*009 

-0*001 

+0*010 

+0*012 

-0*010 

11*20 

26*12 

39*55 

54*18 

72*32 

&*77 

100*23 

27*706 

26*187 

24*951 

23*719 

22*330 

21*407 

20*540 

27*687 

26*199 

24*959 

23*716 

22*330 

21*414 

20*534 

+ 0*019 
-0*012 
-0*008 
+ 0*003 
0*000 
-0*007 
+0*006 

11*16 

25*96 

40*10 

56*85 

71*73 

85*40 

98*95 

27*518 

26*088 

24*812 

23*423 

22*306 

21*348 

20*462 

27*513 

26*090 

24*820 

23*428 

22*295 

21*339 

20*472 

I 


The formulae deduced from the observations, from which the conducting powers were 
calculated, were — 

For first wire . . A=29114-0-10727*+0-0002372* # . 

For second wire . X=r28’881— 0*10949£+0*0002616tf\ 

For third wire . . A=28*649-0-I0424rf+O*0002182tf\ 

No permanent alteration in the conducting power takes place after heating the wires 
for several days to 100°. 

The value formerly found for the conducting power of zinc (precipitated galvanoplas* 
tically, fused and pressed) was— 

„ Seduced to 0°. 

.27-39 at 17-6 29-220. 

Treating these values as before, we find the formula for zinc to be 

A=29-022-0-10752*+0-0002401< s . 


Cadmium. 

The metal was purified as described in the Philosophical Transactions, 1860, p. 177. 
The wires were pressed. * Table VI. shows the results. 

Table VI. 



Pint wire. 

Seoond wire. 

Third wire. 

Len firth 

625 millim*. 
0*641 millim. 

559 millims. 
0*678 millim. 

439 millima. 
0*684 millim. 

eeeeeeeeeeee 

Diameter 



The means of the conducting powers found for each of the following temperatures 
were— 


T. 

Conducting power. 

Difference. 

T. 

Conducting power. 

Difference. 

T. 

Conducting power. 

Difference. 

1 

Observed. 

Calculated. 

Observed. 


ObeervedL 

Calculated. 

§•87 

20*75 

84*47 

49*38 

63*39 

77*74 

93*55 

23*327 

22*351 

21*^1 

20*188 

19*188 

18*292 

17*825 

28*329 

22*338 

21*255 

20*150 

19*186 

18*268 

17*339 

-0*002 

+0*013 

-0*014 

*—0*012 

4*0*002 

+0*024 

-0*014 

8*89 

21*59 

36*37 

48*52 

62*90 

80*00 

23*374 

22*280 

21*075 

20*157 

19*171 

18*109 

23*400 

22*270 

21*059 

20*146 

19*162 

18*131 

| 

14*60 

22*05 

39*65 

54*45 

68*10 

81*20 

89*90 

21*849 

21*318 

20*072 

19*065 

18*179 

17*893 

16*896 

21*859 

21*310 

20*061 

19*067 

18*194 

17*397 

16*888 

1 
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The formulee deduced from the observations, from which the conducting powers were 
calculated, were— 

For first wire . . \5=24T00— 0•088654#+Q , 0001740# , . 

For second wire . A=24*240— 0*096763£4*0*0()02548£*. 

For third wire . l=24*974-0*078004<+0*0001147^. 

The values obtained for the alteration in the conductmg power of these wires after 
heating them for several days to 100°, have unfortunately been lost. It may, however, 
be stated that the differences were very small, and that there was a loss in conducting 
power. 

The conducting power of cadmium was found in the paper already referred to— 

0 Reduced to 0°. 

22*10 at 18*8 23*678. • 

Deducing the formula for cadmium in the manner before described, we find 

1=23*725— 0*087476£+0*0001797tf a . 

Pure cadmium, when heated to about 80°, becomes exceedingly brittle, in fact it may 
be powdered in a hot mortar with great ease. We should not have been able to carry 
out the determinations if the wires had not been varnished, as the movement of the oil 
by the stirrer would have caused them to fall to pieces. It is worthy of remark that 
this change in the molecular arrangement of the wires does not make itself apparent in 
the conducting power to any very marked extent. 

Tin. 

Purified by dissolving commercial tin in nitric acid, and reducing the washed oxide 
by heating it with lampblack. Pressed wires were used. Table VII. gives the results. 


Table VII. 



Pint wire. 

Second wire. 

Third wire. 

Length 

279 millims. 

* 0*559 millim. 

375 millims. 

0*634 millim. 

315 millims. 

0*729 millim. 

Diameter 


Conducting power 
found before heat* 
"the wires...... 

Ditto, after being 
kept at 100® for 1 

Ditto, for £ days... 

• Ditto, for 8 days... 

0 Reduced to 0°. 

10*970 at 18*2 11*710 

i 

! 

! 11*124 at 19*4 11*926 

! 10*852 at 27*0 11*956 

| 10*835 at 28*0 11*980 

* 0 Seduced to (f. 

11*532 at 18*1 12*324 

11*442 at 19*1 12:273 _ . 

11*448 at 18*6 12*257 

11*444 at 18*4 12*264 

, Seduced to 0°. 
12*283 at 18*2 13*108- 

.12*291 at 18*4 18*124 

12*296 at 18*4 13*129 


The means of the conducting powers found for each of the following temperatures 

twite— • ‘ 
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T. 

Conducting power. 

Deference. 

T. 

Conducting power. 

Difference. 

T. 

Conducting power. 

Diftanee. 

• 

Observed. 

Calculated. 

Observed. 

Calculated. 

Observed. 

iCalculated. 

J 

12-9 

25-27 

40-55 

54-15 

70-53 

83-13 

100-90 

11-4110 

10-9320 

10-3570 

9*8498 

9*2980 

8-9033 

8-3937 

11-4202 

10-9246 

10-3436 

9-8558 

9*3046 

8-9078 

8-3881 


11-80 

26-32 

40-04 

54-02 

70-02 

85-02 

98*50 

11-7144 

11-1287 

10-5805 

10-0451 

9-4883 

9-0102 

8-6158 

11-7227 

11-1153 

10-5732 

10-0526 

9-4961 

9-0127 

8-6096 


'f ‘.fir 

12-649 

11-944 

11-408 

10-717 

10-189 

9-654 

9-279 

12-660 
11-934 
11-391 
10-727 
10-202 . 
9-657 
9-270 

U 


The formulae deduced from the observations, and from which the conducting powers 
were calculated, were — 


For first wire . A=ll*9613— 0-042902£+0-00007422tf\ 

For second wire A=12-2419-0-044965*+0-00008213rf 9 . 

For third wire . X=13-1186-0-046561#+0*00007206^. 

We see from the results that wires Land 2 decrease to a small extent in conducting 
power, whereas wire 3 increases slightly after being heated to 100°. 

The conducting power of tin was found — 

0 Reduced to 0°. 

.. 11-45 at 210 12-351 ; 

and calculating the formula of tin as before, we find 

A=12-366— 0-044554£+0-00007588tf 9 . 


Lead. 

* 

Purified by reducing by heat the twice recrystallized acetate. Wires 1 and 2 were 
pressed ; wire 3 drawn. No permanent alteration in the conducting power of the wires 
was observed after they had been kept at 100° for two days. Table VIII. ejhows the 


Table VIII. 



First wire. 

Seoond wire. 

* Third wire. 

LeCgth .......a... 

Diameter 

416 millims. 
0*669 millim. 

453 millims. 
0*698 millim. 

389 millims, 
0*959 millim. 



The means of the conducting powers found for each of the following temperatures 
were— 


T. 

Conducting power. 

Difference. 

T. 

Conducting power. 

Difference. 

T. 

Conducting power. 

Difference. 

Observed. 

Calculated. 

Observed. 

Calculated. 

Observed. 

Calculated. 

IM 

BTjJTj 

.7-9364 

7*6129 

7-2086 

6-8423 

6-4881 

6-1964 

5-9159 

f y S 

+0-0029 

->0-0028 

—0-0935 

+0-0003 

+0-0018 

+0-0085 

—0*0030 

| 

.... 7-8685 
7-5336 
7*1405 
6-7789 
6-4392 
t 6-1189 
5-8388 

.7-8653 

7*5392 

7-1397 

6-7775 

6-4370 

6-1218 

5-8381 

+0-0032 
-0-0056 
+0-0008 
+ 0-0014 
+0-0022 
—0*0029 

+ 0:0007 

12-40 
26-20 
39*60 
54-60 
69-70 
8*40 
. 98-85 

7-9038 
7*4967 
7*1309 
6-7565 
‘ 6-4205 
6-1250 
5-8642 

7-9022 

7-4968 

7*1324 

6-7585 

6-4187 

6-1229 

5-8658 

+0-0016 
-0*0001 
-0-0015 
—0*0020 
+ 0-6018 
+ 0-0021 
-0-0016 
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The formulae deduced from the observations, from which the conducting powers were 
calculated, were— 

For first wire « X=8*S882— -0 , 032346£-j-0-00007540tf 9 . 

For second wire X=8*3147— - 0*032066^+0*00007307^ 9 . 

For third wire . X=8*2925— 0-032468£-j-0*00008011£*. 

The value found for the conducting power of lead was 

0 Reduced to 0°. 

7*77 at 17-3 8-304. 


Treating the mean of the values as above, the formula is 

X=8-318-0-032237tf+0-00007608* a . 


Arsenic. 

Purified by sublimation. Small bars were cut from a comparatively solid piece and 
soldered to two copper wires ; on account of the extreme brittleness of arsenic, the 
bars were placed in glass tubes closed at the ends with gypsum, through whicli the 
copper wires passed. As these were dried in a water-bath for several days, no permanent 
alteration of the conducting power of the bars was found after being heated in the 
oil-bath for two days. The values found for the conducting power of arsenic agree as 
well as could be expected, considering the bars were made by hand, and the metal 
somewhat porous. The difficulty of obtaining bars of metal of sufficient length is so 
great that we have been contented with two series. These are given in Table IX. 


Taele IX. 



First bar. 

Second bar. 

Length 

Diameter 

50*4 millims. 

0*93 millim. 

* 

55*5 millims. 

1*01 millim. 



The means of the conducting powers found for each of the following temperatures 
were — 


T. 

Conducting power. 

Difference. 

T. 

Conducting power. 

Difference. 

Observed. 

Calculated. 

Observed. 

Calculated. 

14*20 

85*30 

37*80 

55*00 

70*00 

85*30 

101*00 

5-0203 

4*8007 

4*5710 

4*2854 

4*0767 

3*8810 

3*7005 

5*0180 

4*8008 

4*5736 

4*2906 

4*0722 

3*8764 

3*7041 

+ 0*0023 
-0*0001 
—0*0026 
-0*0052 
+0*0045 
+ 0*0046 
-0*0036 

13*50 

24*50 

40*15 

55*55 

69*90 

82*50 

99*80 

4*0051 

8*8371 

3*6367 

8*4447 

3*2559 

3*1144 

2*9485 

4*0037 

3*8450 

3*6311 

3*4341 

3*2628 

3*1221 

2*9435 

+0*0014 

-0*0079 

+0*0056 

+0*0106 

—0*0069 

-0*0077 

+0*0050 


The formulae deduced from the observations, and from which the conducting powers, 
were calculated, werer- 

For first bar X=6*3168—0*021874#-f-0*00005848< < . 

For second bar X=4*2078— 0*016606#+0-00002843t*. 
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Taking the mean of the conducting powers at 0°, we deduce the formula for the 
correction* of conducting power for temperature to be 

A=4*7623*-0*018671tf-f-0*00004228t 8 . 


Antimony . 

Purified by twice recrystallizing commercially pure tartrate of antimony and potas- 
sium, reducing by heat and re-fusing with antimonic acid. As antimony is so very 
brittle, it was not possible to manipulate with it in form of wire, it was therefore fused 
in the bowl of a tobacco-pipe, and when liquid allowed to run into the stem. After 
breaking off the bowl, the ends of the pipe were made so hot that the metal melted, 
and clean copper wires were pushed into the liquid metal, which on solidifying held them 
fast. The free ends of the copper wires were then soldered to the thick ones in the 
trough. Unfortunately in each case the copper wires in the pipe-stem became loose 
after heating for two or three days, and had to be therefore resoldered, so that no 
reliable determinations could be made as to the effect of heating to 100° for several days 
on the conducting power. It may be stated that the three wires lost in conducting 
power ; but to what extent, we are of course not in a position to say. As the diameter 
of the pipe-stem could not be accurately determined, and as it could not be ascertained 
whether there were cavities in the wires (caused by contraction on cooling and crystalliza- 
tion) or not, the first observed conducting power was taken equal to 100. Table X. 
shows the results. 

Table X. 

The means of the conducting powers found for each of the following temperatures 
were — 


First wire. 

Second wire. 

Third wise. 

T. 

Conducting power. 

Difference. 

T. 

Conducting powGr. 

Difference. 

D 

Conducting power. 

Difference. 

Observed. 

Calculated. 

Obsorvod. 

Calculated. 


Calculated. 

10-00 
2 6-35 
40*40 
04*55 
70*65 
83*50 
99*40 

100*000 

94*06£ 

88*982 

84*633 

80*126 

77*071 

73*430 

100*052 

93*910 

89*089 

84*664 

80*152 

76*953 

73*484 

-0*052 
+ 0*152 
-0*107 
-0*031 
-0*026 
+ 0*118 
-0*054 

8*40 

25*60 

42*45 

57*80 

69*45 

86*85 

101*25 

100*000 

93*947 

88*139 

83*707 

80*691 

76*138 

72*922 

k 99*999 
93*850 
88*329 
83*731 
80*517 
76*159 
72*953 

I 

13*80 

22*30 

38*65 

53*50 

69*65 

84*45 

98*80 

100*000 

96*378 

90*552 

85*671 

81*118 

77*480 

74*448 

99*901 
96*514 
90*527 
85*692 
81*082 * 
77*454 
74*480 

+0*099 

-0*136 

+0*025 

-0*021 

+0*036 

+0*026 

-49*032 


m 

The formulae deduced from the observations, from which the conducting powers were 
calculated, were — 

For first wire* . X=104095-0-4U87«+0-0010766<*. 

For second wire X=103;190-0-S872U+0-0008748f. 

For third wire . X=106-801-<M4641«+0'0012995<*. 

D 


MDCCCLXII. 
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The observed conducting powers in this and the foregoing Table do not agree so well 
witli the calculated as the others, on account of the temperature of the bath never being 
exactly the same as that of the wire ; for in the one case the heat had to traverse the 
glass tube filled with air, in the other the thickness of the pipe-stem, before reaching the 
metal. 

The conducting power of antimony was found equal to 

0 Deduced to 0°. 

4-29 at 18*7 4-6172 

Using this value as before described, we obtain a formula for antimony where 

X=4-6172-0'018389t+0'00004788t*. 

A 


Bismuth. 

Purified by reducing the basic nitrate of bismuth with lampblack. Table XL gives 
the results. The wires were pressed. 


Table XI. 


♦ 

First wire. 

# 

Second wire. 

Third wire. 

Length 

117 millims. 

0*596 millim. 

121*4 millims. 

0*596 millim. 

42*5 millims. 

0*217 millim. 

Diameter 


Conducting power 
found before heat- 
ing the wires 

Conducting power 
after being kept at 
100° fori day ... 
Ditto, for 2 days... 
Ditto, for 3 days... 

„ Reduced to O’. 

1*1787 at 16*6 1*2517 

1*3599 at 17*6 1*4494 

1*3595 at 18*2 1*4521 

1*3624 at 18*0 1*4541 

„ Reduced to O’. 
1*1036 at 18*8 1*1773 

1*3110 at 19*0 1*3995 

1*3121 at 19*0 1*4006 

1*3096 at 19*9 1*4023 

„ Reduced to O’. 
1*2215 at 16*6 1*2951 

1*3683 at 17*8 1*4569 

1*3709 at 17*6 1*4687 

1*3710 at 17*9 1*4603 


The means of the conducting powers found for each of the following temperatures 
were — 


T. 

Conducting power. 

Difference. 

T. 

Conducting power. 

Difference. 

B 

Conducting power. 

Difference. 

Observed. 

Calculated. 

1 

o 

Calculated. 

1 

o 

Calculated. 

9*80 

26*15 

39*50 

67*25 

68*95 

84*35 

96*35 


1*4058 

1*3226 

1*2614 

1*1858 

1*1397 

1*0833 

1*0429 

I 


1*3654 

1*2909 

1*2297 

1*1591 

1*1058 

1*0478 

1*0036 

1*3641 

1*2935 

1*2287 

1*1593 

1*1060 

1*0474 

1*0042 

|j| 

9*40 

25*65 

43*05 

57*45 

71*60 

88*60 

* 

1*4129 

1*3329 

1*2551 . 

1*1913 

1*1315 

1*0671 

1*4128 

1*3339 

l’$538 

1*1912 

1*1328 

1*0666 

i i J 

sjjU 1 1 j 


The formulae deduced from the observations, by which the conducting powers were 
calculated, were — 
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For first wire . X=1*46S5— 0*0062883^+0 , 00001060< J . 

For second wire A=T4049— 0*0047972£+0 , 000006453tf a . 

For third wire . A==l-4603-00051286*+0-000007737* # . 

From the above we see how bismuth increases in conducting power after being kept 
at 100* for one day. This increment is so rapid that it may be followed for the first 
two hours from five to five minutes. Wire 1 altered by one day’s heating 16 per cent. ; 
wire 2, 19 percent. ; and wire 3, 12 per cent. Wires 1 and 2 were cut from the same 
piece. 

This behaviour explains why the conducting power of bismuth wires varies so much: 
for in the paper so often here alluded to, the maximum difference between twelve wires 
was found to be 22 per cent. In pressing the wires the heat applied to the press is 
never constant ; so that, if pressed very warm, wires of high conducting power would 
probably be the result. The conducting power of bismuth was found equal to 

0 Reduced to 0°. 

1*19 at 13*8 1-2484 

Taking the mean of the values as before, we find the formula for bismuth to be 

A=T2454— 0-0043858£+0-000007134£ 3 . 

Mercury. 

Purified by allowing a solution of subnitrate of mercury to stand over the metal for 
several weeks, during which time it was often well shaken up with it. The determina- 
tions were made in a calibrated thermometer-tube, to the ends of which wide glass tubes 
(13 to 14 millims. wide) were fused and bent, as shown in fig. 3. Mercury prepared at 
different times was used for the determinations. For the 
experiments, the tube was filled with hot mercury, and its 
resistance was determined when cold. This was twice re- 
peated; and the resistance being found the same each time, 
it was assumed that the tube filled in this manner did not 
contain air-bubbles ; this is also proved by the close agree- 
ment of the formulae found in the two cases for the variation of the conducting power 
at higher temperatures ; for if in either case air-bubbles had been present, the formulae 
must have differed to a much greater extent, as it can scarcely be assumed that in the 
two cases the bubbles were equal in bulk. The mercury was connected with the appa- 
ratus by amalgamated copper wires «(4 to 5 millims. thick). Table XII. shows the 
results obtained. 
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Table XII. 


Length ...= 269 miUtms. 
Diameter as 1*424 millim. 


The means of the conducting powers found for each of the following temperatures 
were — 


T. 

Conducting power. 

jh. . 

Difference. 

T. 

Conducting power. 

Difference. 

Observed. 

Calculated. 

Observed. 

Calculated. 

O 

0 

20*55 

40*45 

59*82 

79*78 

99*90 

1*6521 

1*6276 

1*6003 

1*5750 

1*5465 

1*5162 

1*6530 

1*6272 

1*6011 

1*5746 

1*5462 

1*5164 

-0*0009 
+ 0*0004 
-0*0008 
+ 0*0004 
+ 0*0003 
-0*0002 

o 

0 

20*95 

39*92 

60*40 

80*70 

99*30 

1*6529 

1*6272 

1*6010 

1*5741 

1*5454 

1*5174 

1*6533 

1*6268 

1*6018 

1*5738 

1*5450 

1*5177 

-0*0004 
+ 0*0004 
-0*0008 
+ 0*0003 
+ 0*0004 
-0*0003 


The formulae deduced from the observations, by which the conducting powers were 
calculated, were — 

For the first series . X=l*6530— 0*0012240£— 0*0000014342*. 

For the second series X=l*6533—0 , 0012370^— 0*000001297^. 

The value found for the conducting power of mercury was 

o Seduced to 0°. 

1*63 at 22*8 1*6588 

Taking the mean of the values as before, we find the formula for mercury to be 

X=l*656-0-0012326*-0*000001368e # . 


Tellurium. 

Purified by dissolving the commercial metal in aqua regia, evaporating to dryness with 
excess of carbonate of sodium, fusing the residue, which was dissolved in water, and 
nitrate of barium added to precipitate any selenium present. The filtrate was evaporated 
to dryness with hydrochloric acid in excess, the residue dissolved in water, and precipi- 
tated by sulphurous acid. 

On account of the low conducting power of tellurium, small bars of about 15 mil- 
lims. in length and 3-6 millims. in diameter were used for the experiments. Bars I. 
and II. are of the same preparation. As the bars could not be accurately measured, we 
have called the first observed conducting power 100 in each case. Table XIII. gives 
the results. 
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Table XIII. 


[Conducting power 
found before heat- 
ingtbebarstolOO 0 .: 
Ditto, after being 
kept at 100° for 1 

day 

Ditto, for 2 days 
Ditto, for 3 days 
Ditto, for 4 days 
Ditto, for 5 days 
Ditto, for 6 days 
Ditto, for 7 days 
Ditto, for 8 days 
Ditto, for 9 days 
Ditto, for 10 days 
Ditto, for 11 days 
Ditto, for 12 days 
Ditto, for 13 days 
Ditto, for 14 days 
Ditto, for 15 days 
Ditto, for 16 days 
Ditto, for 17 days 
Ditto, for 1 8 days 
Ditto, for 19 days 
Ditto, for 20 days 
Ditto, for 21 days 
Ditto, for 22 days 
Ditto, for 23 days 
Ditto, for 24 days 
Ditto, for 25 days 
Ditto, for 26 days 
Ditto, for 27 days 
Ditto, for 28 days 
Ditto, for 29 days 
Ditto, for 30 days 
Ditto, for 31 days 
Ditto, for 32 days 
Ditto, for 33 days 


at 1§*4 


at 15*9 


Bar in. 


at 15*6 


79*145 at 15*4 

45*449 at 16*0 

22*378 at 16*0 

16*129 at 16*0 

8*068 at 15*2 

6*989 at 15*0 

5*781 at 14*2 

4*830 at 15*5 

4*621 at 16*8 

.4*302 at 15*3 

4*181 at 15*0 Seduced to 0 8 . 

4*1371 at 16*1 3*7662 

4*0844 at 14*6 3*7646 


86*50 at 13*0 

76*51 at 13*6 

70*43 at 16*4 

65*68 at 16*6 

61*68 at 16*8 

56*85 at 17*2 

54*88 at 16*6 

51*33 at 16*1 

46*27 at 15*6 

45*26 at 16*2 

42*10 at 16*6 

41*31 at 17*4 

39*28 at 16*0 

37*72 at 17*1 

35*35 at 15*4 

32*23 at 15*6 

29*92 at 17*0 

28*11 at 17*6 
26*25 at 16*2 ...... 

25*54 at 13*0 

24*12 at 13*4 ...... 

23*29 at 12*8 

22*00 at 13*6 

21*45 at 14*1 

20*86 at 14*6 

20*17 at 15*8 

19*74 at 16*0 

19*68 at 13*0 

19*65 at 12*2 Seduced to OP. 
19*633 at 12*0 20*145 

19*633 at 11*9 20*137 


83*16 at 
69*23 at 
61*25 at 
54*92 at 
50*69 at 
46*11 at 
42*35 at 
38*64 at 
35*31 at 
33*50 at 
30*97 at 
29*98 at 
28*21 at 
26*73 at 
23*68 at 
19*43 at 
16*65 at 
14*43 at 
12*59 at 
11*68 at 
10*34 at 
9*32 at 
8*64 at 
7*92 at 
7*36 at 
6*97 at 
6*66 at 
6*52 at 
6*35 at 
6*12 at 
6*04 ft 
6*0330 at 
6*0602 at 


12*6 

14*1 

16*9 

17*2 

17*8 

16*6 

16*4 

15*8 

16*2 

16*4 

16*8 

18*2 

15*6 

16*8 

15*4 

16*0 

17*6 

17*0 

16*4 

14*4 

13*6 

13*6 

14*1 I 

13*8 

14*6 j 

14*2 
14*8 
15*8 
15*8 
12*6 

12*0 Seduced to OP. 
11*8 5*6134 

12*2 5*6191 


The means of the conducting powers for each of the following temperatures were— 



70*45 

88*10 

99*40 


Conducting power. 


Observed. Calculated. 


Difference. 


5*6646 5*6797 w 0*0151 

6*7456 6*7392 +0*0064 

8*6703 8*5781 +0*092* 

10*8480 10*9426 -0*0946 
14*2472 14*3441 -0*0969 
18*4043 18*2406 
23*3209 23*3769 
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The formulee deduced from the observations, and from which the conducting powers 
were calculated, were — 

For first bar . . . . , . A=3-7619+0-0n614tf+0*0006598?+0-()00002994?. 
For second bar to 29*4 . . A=20-162— 0-056338£+0-001085?. 

For second bar from 29*4 to 100 A=20-014--0’029569tf+0'00009390?+0'00001Q636?. 
For third bar ..... A=5-5752+0-019274H-0-00;L3235? +0-000003088?. 

From the above Table we learn that tellurium behaves in a very different manner 
from the other metals ; for it will be seen how very much the conducting power decreases 
after it has been heated to 100° for some days, and how different is the time required 
before the conducting power of the different bars becomes constant, or, in other words, 
until the heating of the bars to 100° causes no further permanent alteration in the 
conducting power. Bar I. required 13 days ; bar II. 32 ; bar III. 33. The first observed 
conducting power being taken equal to 100, bar I. is reduced to 4, bar II. to 19-6, and 
bar III. to 6. If we now look at the determinations of the conducting power at different 
temperatures of the three bars, we are struck at the great want of concordance in the 
results. With the first series we observe that the conducting power increases rapidly as 
the temperature rises ; with 4he second it decreases with the rise of temperature to 
29°*4, from which point it increases rapidly, as with bar I. ; the third behaves as the 
first. 

Bar I. showed no apparent difference in crystalline structure after being heated ; it 
was thought very probable that the crystalline structure might have been altered by 
heating, and thus caused the enormous change in conducting power. The three bars, 
when first heated, behaved as metal to 70° or 80°, that is to say, they lost in conducting 
power up to that temperature, where it then began to increase. The temperature of 
this tuming-poifit became lower after each day’s heating, until, as in bars I. and II., it 
Is below the lowest temperature at which observations were made. 

The behaviour, therefore, of tellurium is intermediate between that of the metal and 
that of the metalloid; for, according to'HiTTORF*, selenium increases rapidly in conduct- 
ing power with the temperature. Graphite and gas-coke f behave in the same manner; 
and Becquerel$ found that gases when heated conduct better than when cold. From 
these facts we learn another marked difference in the physical properties of the metals 
and metalloids, viz. that the metals lose in conducting power with an increase of tempera- 
ture, ‘whereas under the same circumstances the metalloids gam. 

In order to be better able to compare the results obtained with the pure metals, we 
give the following Tables. Table XIV. contains all the formula deduced from the 
observations by the method of least squares, with the conducting power of each metal 
taken c=100 at 0°; Table XV. the mean of the formulee found for each metal. 

• Poogindobst’s * Annalen,’ yoL lxxiri. p. 214. 

f Philosophical Transactions, 1858, p. 886. 

X Ann. da Chim. et de Phys. (iii.) vol. mix, p. 888. 
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Table XIV. 



Hard drawn 
Annealed .. 
Hard drawn 
Annealed .. 
Hard drawn 
Annealed .. 
Hard drawn 
Annealed .. 
Hard drawn 
Annealed 
Hard drawn 
Annealed .. 
Hard drawn 
Annealed ... 
Hard drawn 
Hard drawn 
Annealed ... 


A=100 — 0*38394 <+0*0009723 t a 
A= 100— 0*37725 <+0*0008900 <“ 
A= 100-0*38915 <•* 0*0010472 f 
A= 100— 0*39287 <+0*0010625 <* 
X— 100-0*37544 <+0*0009724 
A= 100— 0*37855 <+0*0009647 ? 
A= 100— 0*37351 <+0*0007716 <* 
A=100— 0*37291 <+0*0007781 <* 
A=100— 0*39173 <+0*0009394 <* 
A= 100-0*38797 <+0*0008986 <* 
A= 100 -0*39639 <+0*0010173 <* 
A= 100— 0*39954 <+0*0010003 <* 
A= 100-0*36405 <+0*0008181 f 
A= 100 -0*3701 7 <+0*0008526 <* 
A= 100- 0*35877 <+0*0007807 <* 
A= 100 -0*37551 <+0*0009309 <* 
A=100— 0*36877 <+0*0008390 <* 
A=100— 0*36845 <+0*0008147 <* 
A=100— 0*37911 <+0*0009058 <* 
A= 100 -0*36385 <+0*000761^ <* 
A= 100-0*36745 <+0*0007220 <* 
A=100 — 0*39915 <+0*0010511 <® 
A= 100 -0*33953 <+0*0004995 < 3 
A= 100- 0*35867 <+0*0006205 # 
A= 100—0*36730 <+0*0006709 < 3 
A= 100—0*35492 <+0*0005493 <* 
A=100 — 0*38561 <+0*0008989 <* 
A=100— 0*38553 <+0*0008788 f 
k =100 — 0*39153 <+0*0009661 e 
.=100 — 0*41141 <+0*0011000 <* 
.= 100—0*36851 <+0*0006757 ^ 
= 100-0*39855 <+0*0010332 f 3 
= 100-0*37524 <+0*0008477 <* 
= 100-0*42099 <+0*0012283 f 
= 100—0*36383 <+0*0007293 <* 
= 100-0*34146 <+0*0004593 <* 
,= 100-0*35120 <+0*0005298 t 3 
.= 100- 0*074047<+ 0*00008672< J 
.= 100— 0*07 4820< + 0*00007 844<* 


Table XV. 


Silver 

Copper 

Gold 

Zine 

Cadmium 

Tin 

Lead 

Arsenic 

Antimony 

Bismuth 

A= 1 00— 0*38287<+ 0*0009848< 3 
a = 1 00 - o*387o i< + o-ooogoog^ 
A=100-0*36745<+0*0008443< 2 
A=100— 0*37047<+0*0008274< 3 
A= 1 00 - 0-3687K+ 0*0007575< 3 
A— 100— 0*36029<+0*0006l36< 3 

A = 1 00 - 0*38756<+ 0*00091 46<* 

A = 1 00 — 0*38996<+ 0*0008879<* 
A= 1 00 — 0*39826<+ 0*00 1 036i<* 
A=100-0*352l6<+0*0005728< 3 

Mean of the above ... 

A— 100— 0*37647<+ 0*0008340^ 


From the last Table we see how closely the values found for the cdnstants y or z agree 
together; and to show this more clearly, the conducting powers calculated from these 
formulas for 0°, 20°, 40°, 60°, 80°, and 100° are given in Table XVI., together with 
values calculated from the mean of all the formulae. 
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Table XVI. 


T. 

Silver. 

Copper. 

Gold. 

Zinc. 

Cadmium. 

Tin. 

Lead. 

Artenio. 

Antimony. 

Bismuth, 

B 

Greatest 
differ- 
ence from 
mean. 

o 

0 

so 

40 
| 60 
r so 
100 

100*00 

92-74 

86-26 

80-57 

75-67 

71-56 

| 

m 3! IV 

iw» S 

100-00 

92-92 

86-50 

80-75 

75-66 

71-23 

Hi Iff 

m ra IV 

100-00 

93-04 

86-51 

80-59 

1 75-ifr 
70-11 

100-00 

92-62 

85-96 

80-04 

74-85 

70-39 

100-00 

92-56 

85-82 

79*80 

74-50 

69*88 

100-00 

92-45 

85-73 

79*84 

74-77 

70-54 

100-00 

93*18 

86-83 

80-93 

75-49 

70-51 

100-00 

92-80 

86-27 

80-41 

75-23 

70-69 

n 


Again, in Table XVII., we give the conducting power of the metals compared with 
hard-drawn silver wire at 0°=100, first at 0° and then at 100°, and, lastly, taking silver 


at 100°=100. 


Table XVII. 



Conducting power 

Taking silver 


At 0°. 

At 100°. 

=100 at 100° 

Silver (hard drawn) .. 

100-00 

71-56 

100-00 

Copper (hard drawn) 

99-95 

70-27 

98-20 

Gold (hard drawn) .. 

77-96 

55-90 

78-11 

Zinc 

29-02 

20-67 

28-89 

Cadmium 

23-72 

16-77 

23-44 

Tin 

12-36 

8-67 

12-12 

Lead 

8-32 

5-86 

8U8 

Arsenic 

4*76 

3-33 

4-65 

Antimony 

4-62 

3-26 

4-55 

Bismuth 

1-245 

0-878 

1-227 


From these Tables we think we may deduce the law, that all pure metals in a solid 
state vary in conducting power between 0° and 100° to the same extent , more especially as 
we find that wires of one and the same metal show almost the same differences as were 
found between the mean results obtained for the different metals. In Table XVIII. 
two examples of this are given. 

Table XVIII. 


T. 

Copper. 

Cadmium. 

I. annealed. 

III. annealed. 

H. 

m. 

O 

0 

100*00 

100-00 

100-00 

100-00 

20 

92-85 

92-41 

92-44 

93-41 

40 

86-33 

85-62 

85-72 

87-22 

60 

80-43 

79-63 

79-84 

81-42 

80 

75-15 

74-44 

74-79 

76-03 

100 

70-49 

70-05 

70-60 

71*04 


In Table XIX, the resistances of the copper wires 1, 2, and 3, and those calculated 
from the mean of all the formulae, are given ; we do this to show that the resistance of 
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a wire does not increase in direct ratio to the temperature (as stated by some experi* 
menters in this direction), but, on the contrary, the formula for correction of the resist- 
ance of a wire for temperature is . 


and not 


r=zx+yt. 


Table XIX. 


First wire, hard drawn. 

First wire, annealed. 

* 

Second wire, hard drawn. 

Second wire, annealed. 

T. 

Bcsistanco. 

Increase of 
resistance 
for 1°. 

D 

Eesistance. 

Increase of 
resistance 
for r. 

T. 

Eesistance. 

Increase of 
resistance 
for 1°. 

T. 

Eesistance. 

Increosoof 
resistance 
for 1°, 

0 

0 

16*86 

29*88 

51*03 

69*52 

83*77 

98*60 

98*382 

104-74 

109*81 

118-72 

126*59 

132*60 

139*22 

0*3771 

0-3825 

0*3985 

0*4057 

0*4085 

0-4142 

0 

0 

17*0 

29*63 

50*22 

69*60 

83*42 

99*37 

. 

98*241 

104*67 

109*54 

118*08 

126*23 

132*21 

139*10 

0-3782 

0*3813 

0*3950 

0*4021 

0*4072 

0*4112 

O 

0 

19*17 

30*95 

48*53 

69*22 

83*77 

99-00 

98*412 

105*98 

110*88 

118*32 

127*16 

133*31 

139*80 

yff ^ !» 

fff tf J 
Bff fl 
wff 

Rff £ « 

0 

18*96 

31*86 

52*05 

70*27 

83*81 

99*57 

97*902 

105*28 

110-59 

1 19*08 
126-85 
132-58 
139*36 

0*3891 

0*3982 

0*4069 

0*4119 

0*4138 

0*4164 

Third wire, hard drawn. j 

* Third wire, annealed. 

Eesistance calculated from the 
moan of the six formula 
fgund for copper. 

Eesistance calculated from the 
mean of all the formulas. 

6 

12*65 

25*61 

39*52 

53*92 

69*90 

84-87 

99*92 

99*384 

104*42 

109*82 

115*72 

121*85 

128*54 

134*62 

140*94 

0-3981 ! 

0-4075 

0-4134 

0*4167 

0*4171 

0*4175 

0*4159 

o 

0 

13*45 

26*15 

39*35 

55*50 

69*90 

84-67 

99*05 

97*806 

103*14 

108*41 

113*99 

120*95 

127*00 

133*25 

139*32 


0 

0 

20 

40 

60 

80 

100 

100 

107*97 

116*33 

124-98 

133-69 

142*22 

0*3985 

0*4082 

0*4163 

0*4211 

0*4222 

o 

0 

20 

40 

60 

80 

100 

100 

107*76 

115*91 

124*36 

132*92 

141*46 

0*3880 

0*3977 

0*4060 

0*4115 

0*4146 


The calculations from a formula of four or more terms, as 

X ~ x zt 2 - 4- (it ? , 

agree better with the observed values than that of three. An example of this is shown 
in Table XX., where the formulee, deduced from observations made with a hard-drawn 
wire (of course ^previously heated to 100° for several days), of three and four terms, with 
the differences, are given. 
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2Q DB. A. MATTHIE33EN AND M. VON BOSE ON THE INFLUENCE OF 

Ta$le XX. 


. 

T. 

Conducting power. 

Calculated from 
Observed. formula of 

throe terms. 

Difference. 

Conducting 

power, 

calculated from 
formula of 
four terms. 

Difference. 

10-9 

95*169 

95*134 

+ 0*035 

95*166 

+ 0*003 

30-1 

88*537 

88*588 

-0*051 

88*534 

+ 0*003 

49*5 

82*610 

82*627 

-0*017 

82*605 

+ 0*005 

69*0 

77*320 

77*297 

+ 0*023 

77*304 

-0*014 

82*8 

73*976 

73*926 

+ 0*050 

73*966 

+ 0*010 

97-9 

70*579 

70*619 

-0*040 

70*580 

-0*001 


The formula of three terms, deduced from the observations, was 
A=99T37-0-37675H-0-0008728* a , 
and that of four terms 

X=99-307-0-39301*+0-0012318£ a — 0 000002193* 3 . 

From the above it will be seen how much better the observed values agree with the 
formula of four terms. W e have, however, contented ourselves with a formula of three 
terms, as the conducting powers calculated from it agree with those observed to values 
corresponding to 0°*1 or 0°*2, and as the calculations for a formula of four terms would 
have increased the labour of the research to a very great extent. But it may be asked 
how it happens that the formula) obtained for wires of one and the same metal vary so 
much, in fact, show differences almost equal to the mean of those deduced for the 
different metals ? 

That this is not due to errors of observation we have repeatedly satisfied ourselves ; 
for compare only the formulae of the hard-drawn (or rather partially annealed) and the 
annealed wires, and see how well they agree with each other. It appears, however, to j 
be probably due to the molecular arrangement of the wires being different in each case. 
Take, for instance, the copper wires experimented with : wire 1 increased in conducting 
power by heating to 100° for several days, almost to the same extent as if it had been 
annealed, wire 2 partially so, and wire 3 hardly at all ; and here it may be mentioned 
that silver and copper wires become softer and lose their elasticity, whereas gold does not 
seem to be annealed at all after having been kept at 100° for several days. take 

cadmium, where we know that the wires become brittle and crystalline. at* 80°, and we find 
the formulae vary more than those of any other metals ; and, lastly, look at the results 
obtained with bismuth and tellurium, and there can be little doubt that the reason why 
the formulae of the wires and bars of jthe same metal do not agree togethef is that the 
molecular arrangement is different in each; and that this is the cause of the differences 
in the formulae, we may also assume from the fact that, when the wires on being heated 
do not at all or only to a very slight degree permanently alter in their conducting power, 
when cooled again, then the formulae of wires of the same metal agree very closely with 
each other. Compare, for instance, those of lead, tin, mercury, &c. 
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The mean of the conducting powers given in the Tables agrees very well with the 
mean of the former determinations made with wires of metals of different preparation to 
that of those used for the experiments described in this paper. 

The following questions have suggested themselves during the foregoing investigation, 
the answers to which we reserve for ourselves. It is intended to make them the sub- 
jects of short communications, which from time to time will be laid before the Royal 
Society : — 

1. Will a hard-drawn wire become partially annealed by age 1 and, on the other hand, 
will an annealed wire become partially hard drawn 2 

2. Will bismuth or tellurium return to their original conducting power in time, or by 
exposure to intense cold 2 

3. Whether by heating tellurium or any of the metals to a higher temperature than 
100° we should not arrive at the same result in a much shorter time. 

4. What are the thermo-electric properties of bismuth, antimony, tellurium, &c. after 
being kept at 100° for several days 2 will they not have altered 2 It is remarkable that 
bismuth, which stands at one end of the thermo-electric series, should gain in conduct- 
ing power after heating for some days, and that antimony and tellurium, at the other 
end of the series, should lose, the one slightly, the other, with a much higher thermo- 
electric number, to a very great extent. 

5. Will tellurium conduct better in a melted state than the solid 2 

6. What law do the alloys follow as regards the influence of temperature on their 
conducting power 2 




[ 29 ] 


II. On the Aquiferous and Oviducal System in the Lamellibranchiate Mollush. 

By Geobob Rolleston, Esq., M.D.^F.L.S., Linacre Professor of Anatomy ; and 
C. Robertson, Esq., Demonstrator of Anatomy, Oxford. Communicated by Dr. Acland. 

Received August 20, — Bead November 21, 1861. 

Very different explanations have been offered of the means by which certain of the 
Lamellibranchiata are enabled to distend their muscular foot until the fluid with which 
it is swollen up causes it to appear all but transparent. These explanations, different 
as they are both in principle and in detail, admit yet of being reduced under one or other 
of three heads. Either they postulate the existence of a system of tubes homologous 
with the tracheae of insects, and, like them, distinct from the animal's blood-vessels, as 
necessary for the explanation of the great changes of volume observed to take place in 
the mollusk's body ; or they suppose these alterations of size to be effected by the agency 
of the blood-vascular system alone ; or, thirdly, they hold the effect in question to be due 
to the joint working of these two systems of tubes. 

Agassiz* refers the great distention observable in the foqt of the Natica heros, of the 
Pyrula carica and canaliculata , and the Acephalous Mactra solidissima , to water inhaled 
by orifices more or less numerous, of less or greater calibre, in the muscular foot : these 
orifices, and’the tubes in connexion with them, he speaks of as a water-vascular system, 
but he holds that they come into more or less direct and constant communication with 
the true blood-vascular system. 

Theodob von HESSLiNGf, who obtained the same result of injecting fully the blood- 
vascular system, by throwing in fluid from the glandular depression in the foot of the 
XJnio margaritifera , as Agassiz did by a similar procedure with the similar depression in 
the foot of the Gasteropodous Pyrulce , speaks of the system (which on these grounds he 
holds to be continuous) as but one system, and that a blood-vascular system, with cer- 
tain orifices patent and communicating with the external medium in which the animal 
lives. Von Hessling holds also that the distention of the foot may be in part due to 
water inhaled through the organ of Bojanus, and mingled thus with the blood, as we 
shall presently describe. 

M. LangebJ holds that the organ of Bojanus is the route by which the .water, upon 
which the change of volume in the animal's body depends, passes into it, and that this 
water passes into the blood-vessels, and not into any specialized water-vascular system. 

* Zeitschrift fur wiss. Zoologie. Pt. 7. p. 176, 1855. 

t Perlmuscbeln und ihre Perlen. Leipzic, 1859, p. 241. 

X Denkschriften d. Kawerlicb. Akaj). Wise. xii. p. 55, 1856. 
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M. Lacaze Duthiers has discovered and described* yet another route than that of 
the organ of Bojanus, by which, in the Dentalium and Pleurobranchus , water from with- 
out can find its way into the interior of vessels carrying blood, and carrying it in these 
instances towards the heart, and not towards the gills. 

GEGENBAunf differs from these authors merely in postulating the existence of orifices 
of exit as well as of entrance for the water; and these he holds to correspond with, the 
puncta scattered over the foot-surface, and visible in great abundance occasionally along 
and near its free edge. 

Von Hengarten^ exactly reverses the functions thus supposed, to belong to the punc- 
tated foot-pores, and the passage though the organ of Bojanus severally. 

In a paper read by us§ before the Royal Society, February 3, 1859, we spoke of the 
water-vascular system as having its outlet in close approximation to the external orifice 
of the organ of Bojanus ; and its inlet we suggested might be indicated by the position 
of the parasites which are not rarely to be seen studding the foot-surface and marking 
out the presence of its numerous pores. Gegenbaur, we observe ||, considers that the 
great liability of the foot to injury from the entrance of foreign bodies into these pores, 
is an argument for regarding them as exhalant rather than inhalant orifices. 

Further investigations, carried on by us subsequently to the reading of that paper, 
showed us that ©ur views as to the oviducal system in the Lamellibranchiata were 

V 

founded in error. An exceedingly courteous notice of this mistake by M. Lacaze Du- 
thiers^T in the ‘Proceedings of the Royal Society,’ rendered an earlier retractation of 
this part of our paper unnecessary. Our Views, on the other hand, as to the permeation 
of the bodies of the Lamelhbranchiata by a system of vessels distinct frym those in 
which the blood is contained, remain much what they were. 

Before stating our views, and the arguments by which we would support them, we 
would say that the “ perivisceral chamber ” of the Brachiopoda, as described by Mr. Han- 
cock** in a paper in the ‘ Philosophical Transactions,’ which was published subsequently 
to the reading of our paper already referred to, holds much the same relation to the 
circulatory and reproductive and other viscera, as the system which we have called 
“ aquiferous ” in the Lamellibranchiata. As Mr. HANCOCKff has himself pointed otit 
the close correspondences of the two systems, we will but remark upon one point of dis- 
crepancy between them. In the Brachiopods the genitalia are packed into the main 
stems of the arborescent perivisceral system, in the direct course* of the stream, if we 
may speak of it as a water-vascular system ; in the Lamellibranchiata, or, at all events, in 
the family Unionidse, the cseca of the generative gland are appended laterally to the 

* Ann. des Sciences NatureUes, tom. xi. 1859, p. 255 ; tom. vii. Proceedings of the Royal Society, vol. x. 
p. 194. 

f GrundzSge der vergieichenden Anatomic, p. 959, 1859. 

% Dies. Inaug. Dorpat, 1858, cit. Voir Hibbmvo, loo. tit. p. 280. 

§ Proceedings of the Royal Society, rol. ix. no. 84. p, 684. February 8, 1809. 

|| Loe. tit. p. 852. f Proceedings of the Royal Society, vol. x. no. 87. p. 198. 

*• Philosophical Transactions for 1850. Bead May 14, 1867; • tt Loo. tit. p. 844. 
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divergent twigs of the principal branches of the water-vascular tree ; they do not lie in 
the direct course of the current of the aquiferous canals, and these canals, beyond and 
outside of them, break up into a very delicate minutely divided system of capillary tubes. 
What we shall attempt to prove is, that the orifices on either side of the foot in the 
Unionid® lead not only to the generative gland, the products of which may be seen to 
issue forth from them at the spawning-season, but also to a system of tubes widely 
spread through the entire foot. We do not believe that any direct communication sub- 
sists either between the blood-vascular system and this syptem of tubes, or between either 
of these systems and tfie punctated depressions and inlets along the foot-edge. The 
blood-vessels seem to us to constitute a system of tubes closed, save at one point and at 
one lacuna. That point and that lacuna is the pericardial space — a cavity into which, 
besides the blood of the animal, the water in which it lives also finds its way. As the 
bivalve shell opens, it necessarily dilutes this lacuna, and water is thus drawn into it 
through the compound sac known in the Acephala as the organ of Bojanus. The water 
then gains access to the interior of the blood-vessels, as we shall proceed to show, and 
is carried onward within them. From the blood-vessels we suppose it to transude into the 
system of water-tubes everywhere in apposition with them, and, under normal conditions, 
to find its exit by these tubes, whilst under such abnormal circumstances as the sudden 
removal of the creature from the water, the sudden contraction of the muscular foot, 
causing jets of water to pour forth from the dilated semitransparent mass, may unload the 
infiltrated organ in a yet more expeditious manner. As to the way by which the water 
used by the mollusk for distending its foot comes info the body, we are at one with 
many other writers upon this subject ; but we are not aware that our views, as to the 
method by which the animal disencumbers itself of the ingested fluid, are shared in by 
;pther authors. 

Our arguments will be principally based upon the results of experiments made in the 
way of injection. The animals we operated upon were almost exclusively of the family 
Unionidse ; and, on. account of the size of the specimens, as well as for other reasons, we 
employed chiefly the species Anodon cygneus and TJnio margaritifera. In all our expe- 
riments we strove to reproduce, as nearly as possible, the conditions of the animal’s natu- 
ral life : our injections were always performed under water, by which and by other 
means as much support was giten to the animal’s body and its several parts as the water 
and the shell gave to it during life. Means were always adopted for securing that the 
.a nimal died With its muscular system in a state of relaxation. We found the prussian 
blue injecting-fluid of Professor Beale’s* invention to possess many properties espe- 
jcially recommending it for use in our experiments, but we employed several other fluids 
as well. 

.. Experiment 1. — If an Anodon, or TJnio (size is of little consequence in this experi- 
ment, though large size is a convenience in most) be removed from its shell without 
injuring the somewhat easily injured tissues which limit the secreting-structure of the 

* How to work with the Microscope, p. 78, 1867. 
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organ of Bojanus, and supported in water with its foot downwards in such a manner a 
to put its pericardial lacuna, and the parts in connexion with it, as nearly as possible 
into the condition in which they may be supposed to be in in the shell during life, and 
if an injection be then made into the pericardial lacuna, the following results will be 
seen to take place. The so-called “ reddish-brown organ of Keber ” (a plexus of vessels 
rich in pigmentary deposit, continuous with other vessels not so coloured in the mantle 
and elsewhere, and bounding the pericardium on either side, and opening into it by 
several patent orifices at its anterior end) will become filled with the injecting-fluid 
first; next the gill-vessels, and sometimes together with them, yet not invariably, the 
systemic veins ; and lastly the external orifice of the organ of Bojanus will, on removing 
the animal from its prone position, be seen pouring out the injection on either side of 
the animal’s foot. 

Experiment 2. — A large Anodon was injected with a red stiffening-injection from the 
central branchial vein, a vessel readily injectible, lying as it does in the gill-cavity supe- 
riorly between the two innermost laminae of the gills, in the angle where they become 
continuous with each other posteriorly to the posterior edge of the foot, with the follow- 
ing results : — The auricle and ventricle were filled to distention, the reddish-brown organ 
as well, and, besides the reddish-brown organ, the rest of the mantle, up to within a 
quarter of an inch of its free edge. No fluid, however, had penetrated into the pericar- 
dial space. The absence of penetration into the pericardium we have invariably had to 
record in our numerous injections from the branchial veins, even when the injection is 
noted as having been so entirely successful as to have passed through the aorta in such 
abundance as to inject in fine ramuscular divisions the edge of the muscular foot. 

The former of these two experiments is so easy of performance, and yet proves so 
much, that we cannot but express our surprise at nowhere finding any record of its 
having been made by any of the different experimenters who have employed injections 
as a method for investigating the economy of mollusks. We have repeated it so fre- 
quently with the same results, as to have become quite convinced that the pericardial 
lacuna communicates, on the one hand, with blood going gillward, and on the other 
with the water in which the animal lies. 

The uniformity with which our repetitions of Experiment 2 have led to the same nega- 
tive result inclines us to doubt the existence of any direct communication between the 
aquiferous pericardial lacuna and the branchial veins properly so called. We arc the 
more disposed to accept this conclusion, as in no mollusk whatever which is possessed 
of branchial vessels, except the Pleurobranchua *, has the renal organ been shown to con- 
duct the external water into the cavity of vessels homologous, not with the afferent, but 
with the efferentf branchial vessels of higher organisms. 

Though Experiment 2 may seem to prove that the intravascular blood does not set in 
any very free current outwards into the pericardial space, especially when coupled with the 
observation that in multitudinous and varied injections of the different systems of blood- 

* M. Lacaze Dvtbxsbs, Boyal Society’s Proceedings, Joe. eit. t GsasKBAVB, Grundzuge, p. 867. 
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vessels we have* never succeeded in filling the pericardium from the blood-vessels, easy 
though it be, as in Experiment 1, to make the injected fluid take the reverse direction, 
more direct evidence is yet needed in support of our view of the organ of Bojanus as 
the channel for an inwardly-setting current of water. The following considerations 
seem to us to show conclusively that; though Experiment 1 shows that it is possible for 
intrapericardial fluid to find its way outwards through the renal organ, such is not the 
direction usually taken by the fluid contained in the complex aquiferous system thus 
constituted. 

1st. If we examine with the microscope the fluid contained in the pericardial space, 
we shall find it to contain, besides the morphological elements of blood, certain foreign 
bodies, such as the Aspidogaster conchicola and infusoria. Now these creatures must be 
supposed to have found their way inwards through the organ of Bojanus. 

2ndly. The external orifice of the organ of Bojanus may be seen in a living Anodon 
(and, from its lying exposed in the gill-cavity, with yet greater ease in a TJnio margariti - 
fera) to execute movements of alternate opening and shutting, similar in character to 
those executed, as has been repeatedly noticed, by the analogous organ in the Ptero- 
poda. These movements are repeated as frequently as once in every ten seconds (or 
oftener) in the TJnio margaritifera ; and they possess, there cag be little doubt, in these 
as in other mollusks, the power of filling with water the cavities into which they lead. 

3rdly. The glandular portion of the compound organ of Bojanus has its opening into 
the pericardium guarded by a funnel-shaped projection which acts as a valve looking 
heartwards, and offers resistance consequently to fluid passing outwards from that lacuna. 

4thly (Experiment 3). Fluid thrown in by the external orifice of the organ of "Bojanus, 
as it is either artificially, as in the Anodon , or naturally, as in the Unio margaritifera , 
exposed in the gill-cavity, finds it way even more easily into the pericardium than fluid 
thrown, as already described, into the pericardium finds its way into the gill-cavity by 
the reverse route. This experiment is but an imitation of what we may suppose to take 
place whensoever the animal by opening its valves dilates its pericardial space. As an 
immediate consequence of this dilatation, water is ingested into the blood-vascular 
system, and is forthwith applied to the purpose of distending the foot and protruding it 
through the opening valves. 

Up to this point our views are in accordance with those adopted by several authors, 
though we are not aware that our method of proof has been employed by any other 
observers* so far as its detailed application is concerned. 

We will now proceed to give our reasons for supposing that another system of tubes 
comes in aid of the blood-vascular system, and receives from it the fluid which that 
system has been the means of taking up in the manner described. Our arguments will 
go to show that water is transferred from the blood-vessels in the foot of the freshwater 

# M. Langkb’s language (Denkschriften d. Akad. Wiss. loo. eit. p. 43), in describing bis success in such 
injections, is so qualified, “ und ash doehnieht immer,” as to allow one, without discourtesy, to give less 
weight to his views on this tjiau op most other points. 

MDCCCLXlH F 
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mussel to another set of vessels, the main stem of which has the additional function of 
outlet to the generative gland. As, however, Von Hessling* holds that the system of 
pores in the foot plays no inconsiderable part in the work of supplying the distending 
foot with water, acting in aid of, and in alliance with, the system of the organ of 
Bo Janus, and, with Agassiz and Von Rengarten, as already cited, holds this office to be 
exclusively discharged by this system of pores and inlets, we will begin by stating our 
reasons for demurring to these views, in which we ourselves at one time 'participated. 
It will be necessary to give the details of two sets of experiments, to show how we came 
to give up an opinion which can plead such high authorities as those we have cited for 
its defence. 

Experiment 4. — A large Anodon, having died with its foot in a semidistended state, 
was injected from the venous sinus which receives the blood from the systemic veins 
and distributes it to the renal-portal system, with the prussian-blue injection already 
spoken of. . The injection spread over the liver and over the whole of the generative 
gland, and the exclusively muscular part of the foot, spreading itself in especial rich- 
ness along the free edge. No pressure which we subjected the foot to, when thus fully 
injected, caused any of the blue injection, easily and readily though it runs, to issue 
forth. Subsequently to* this, a stiffening injection of red colour was thrown into the 
foot-mass from the oviducal outlets. This second injection spread itself very richly over 
the ovary, over the liver, and into the muscular foot, along the free edge of which it 
issued in small jets without any pressure being applied. 

We will disregard, for the moment, the bearing which this experiment has upon the 
distinctness from the blood-vascular system of the system of tubes in the muscular foot, 
to which the stem opening under the name of oviduct into the mantle-cavity leads* and 
we will relate the details of another set of experiments, which led us to consider the 
phenomenon of the jets issuing from the foot-edge as due, in spite of the frequency with 
which we have seen it recur, to violence done, possibly unavoidably, to the delicate limit- 
ary tissues of these aquiferous tubes. 

Experiment 5. — A Unio margaritifera, which had died with its foot quite relaxed, 
had the blue injecting-fluid introduced into its aorta, its venous system, and through 
the oviducal orifices, until the foot, from a state of perfect softness, became tense and 
swollen up. On pressure , none of this triply-injected blue fluid could be made to issue 
forth from the foot&dge ; but small hernia-like projections of transparent membrane rose 
out like bubbles all along the foot-edge. They contained at first a transparent fluid, but 
after a little pressure -they became filled with the blue injection. The thinness and 
transparency of these little sacs will account for the rarity of their appearance, and the 
comparative frequency with which jets of injected fluid have made themselves noticed 
in the region corresponding to the caecal endings of tubes Which these sacs must be held 
to represent. The depressions and pores which do exist in the foot of the Lamelli- 
branchiate mollnsk we believe to be glandular in character, and destitute of any direct 

* Perlmuscheln und ihre Feriett, p. 288 et ssg. 
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communication with the blood-vessels or other tubes in the animal’s body. Now the 
Unio margaritifera stands in the same ration with reference to these foot-pores to the 
Anodonta cygnea as the Pyrula carica and P. canaliculata do, according to Agassiz, to- 
the Maotra ; that is to say, the foot of the Unio presents us with a gigantic pore, in the 
shape of a glandular depression of as much as an inch in length and two lines in dia- 
meter, whilst that of the Anodon is pierced but by microscopic inlets. Von Hess ling*, 
b^whom this organ has been very accurately described, believes that injections can be 
made to pass, without rupture of any limitary membrane, from its cavity into the blood- 
vessels ; and Agassiz holds a similar view with reference to the nearly similar structure 
in the Pyrula. But in the just spoken of as so fully injected, as well as in several 
others similarly treated, though the sides and walls of this glandular depression were 
very richly injected, none of the injection could by pressure be made to issue out into 
the water in which the animal was lying. We should be inclined to consider this invo- 
lution or glandular depression in the foot of the Unio as homologous with the foot- 
gland of the terrestrial Gasteropoda ; and the communication which has been held to 
exist between this Lamellibranchiate organ and its vascular system, we should not 
believe to be more direct than that which subsists between the muciparous foot-gland 
of the Umax and its venous system f. • 

It is not quite beside the purpose, to remark that the foot of one of the Unionidae, 
when thoroughly distended, has a smooth bright appearance, so uniformly spreall over 
the whole surface of its semigelatinous mass as to suggest the idea of the depressions 
having become everted and thus contributed to increase the size of the infiltrated 
organism. Though this appearance may not justify such an interpretation, yet it does 
seem quite inconsistent with the existence of patent pores communicating with the 
animal’s blood-vessels. 

We have repeatedly observed that, if a freshwater mussel die with its muscular foot 
in a state of contraction, nt> distention of the foot takes place, either by leaving the 
animal to soak in water till putrefaction sets in, or by artificial injection. 

We will now proceed to state our reasons for holding the existence of a water-vascular 
system distinct from the blood-vessels of the Lamellibranchiata. Siebold^ states one of 
the objections urged against the existence of this system of vessels in the following 
words “ The existence in these animals of a double system of lacunee having this inter- 
pretation is attended with many difficulties. For then it must be admitted that one of 
these systems contains only water and the other blood, and it is difficult to understand 
how two kinds of wall-less canals can traverse the body without passing into each other.” 
It is, however, demonstrable that in the Unionidee, at all events, an all but perfectly 
closed system of blood-vessels exists. We have again and again, with various injecting 
fluids, found „that they will pass from the aorta through a capillary system into a 

, • Loo. eit. p. 288. Vox Hbssxjng, however, does not mention the occurrence of calcareous concretions 
impacted in this gland's duct. This we have observed, 
f Seebold, Anatomy of Invertebrate, p. 255, note 6, American edition. t Ibid. p. 218. 

F 2 
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systemic-venous system, from that into what may be called the renal-portal system of 
the organ of Bojanus, and from that into the, branchiae, without any extravasation, or 
4he formation of any lacuna anywhere. The pericardial space is, in the strictest sense 
of the phrase, a blood-lacuna ; but, as already detailed, fluid cannot be made to pass 
into it from the blood-vessels, though such communication must take place to a certain 
extent during the life of the animal, and though the reverse direction of current is one 
easily demonstrable by artificial means, and is doubtless the ordinary one under nonflal 
conditions. There are two venous sinuses, however, in the Unionidee, receiving, one 
after the other, the systemic-venous blood, and transmitting it into the organ of Boja- 
NUS. The first of these* lies just within the muscular foot, along its superior and 
posterior edge ; it subtends the second, the only one mentioned by authors, and opens 
into it by an orifice more or less perfectly guarded in different species of Unionidee. 
This second sinus lies between the two opposed organs of Bojanus ; and from it the 
systemic-venous blood passes into the capillaries of the renal-portal system contained in 
those organs. But neither of these sinuses at all answers the character intended to be 
expressed by the term lacuna ; they are homologous rather with the dilated great veins 
of certain vertebrata than with the lacuna which do exist in certain molluscan families. 
There is the less occasion, however, to labour further at demonstrating the non-lacunar 
character of the blood-vascular system of the Unionidee, as Von Hessllng f, in his recent 
book 6n the Pearl Mussel, confirms in this point the views previously enunciated by 
Langeb, adding to them a description of the histological characters of the vessels inter- 
* veiling between the arterial and venous systems in the Unto. It may be considered as 
beyond a doubt that a system of tubes all but entirely non-lacunar exists in these Lamel- 
libranchiata, carrying their blood from the heart through a systemic, a renal, and a 
branchial system. No pressure that can in fairness be applied will cause any extravasation 
of fluid thus injected. Such pressure we have repeatedly applied to Anodons very fully 
distended by injection ; and though it be not rare for fluid thrown in by the oviducal 
outlets to find its way out, as already described, by orifices along the foot, we have never 
found this to take place with the blood-vascular system. 

In making use of the method of injections as a means for showing the independence 
of the several vascular trees in the Lamellibranchiate mollusks, we have sometimes 
injected the animal from the oviducal orifice alone, sometimes we have injected the same 
animal with a differently coloured fluid from its venous or from its arterial system, or 
from both ; in a word, our injections have been cither single, double, or triple. 

* Into this sinus the cteca of the generative gland project somewhat freely from amongst the trabecula 
which run across what we call the roof of the muscular foot, from one side to the other ; and it is here, we 
believe, that in injections from the oviducal outlets extravasation so often takes place into the blood- 
vessels. # 

f Loc. eit. p. 210. GtoGjsxrBATrn, in his ‘ Grundsuge,' p. 844, note, hints at some doubt still remaining in 
his mind as to the distinctness of these capillaries from the tissues they lie amongst. His work bears the 
same date (1859) as Vow Hbbslikg’s and we suppose both to have been published subsequently to the 
reading of our paper, February 8, 1859. 
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There is no difficulty in causing an injection to enter the body of any large individual 
of the family Unionid® from its oviducal orifice ; it is especially easy, however, to effect 
this in the Unio margaritifera , as the orifice is not in them, as in most species of the 
family, covered by the inner lamina of the inner gill, but, together with the orifice of 
the organ of Bojanus, lies exposed and uncovered in the gill-cavity, and, besides this, 
is prolonged out in such a manner as to render the introduction of the syringe-pipe a 
very^easy matter. 

Experiment 6. — An injection thrown in by this orifice will spread itself over the 
whole of the viscera contained within the foot, not confining itself by any means to the 
ovary, but passing on beyond the area occupied by it or the male generative gland, 
into the exclusively muscular part of the foot, and distributing itself with especial rich- 
ness along its free edge. That an injection thrown in by this orifice should thus spread 
itself would go some way towards showing that in the Lamellibranchiate, as in the 
Brachiopod mollusk, the ducts through which the generative products are extruded 
lead elsewhere as well as to the generative gland, were it possible to be sure that no 
transference of the injected fluid had taken place from tubes confessedly in connexion 
with the generative gland to another system of vesseis — that, namely, which carries the 
blood. That such a transference does not rarely take place in one part of the blood- 
vascular system, we have' already mentioned*; and hence arose the necessity for double 
injections, in which the blood-vascular system was (as has been and will again be 
described) injected and fully distended throughout the entirety of its own ramifications, 
before any fluid was thrown into the oviducal orifices, and by still mapping out a tree 
for itself, showed the independence of the system it led to. Single injections, however 
inferior to double ones, still furnish us with strong arguments for the view we are sup- 
porting. A freshwater mussel may have its whole visceral mass perfectly injected, 
either from the blood-vessels or from the oviducal system ; but when thus injected, a 
practised eye has no difficulty in seeing into which of the two systems the injection has 
been thrown. The blood-vascular injection is seen to be contained in coarser tubes, 
and to form a less close network than the aquiferous, which, though confined within fine 
capillaries, gives, till closely inspected, an appearance almost of uniform diffusion, on 
account of the closeness of the network it forms. 

Secondly, we will give the details of two double injections. 

Experiment 7. — A double injection from the venous system and the oviducal in the 
same Atiodon. A stiffening size injection of red colour was used for the oviducal or 
aquiferous system, and the prussian-blue injection, a more easily running fluid, for the 
venous system, with the following results. The red injection ocoupies the area corre- 
sponding to the generative gland, with coarse as well as with fine twigs, has imparted a 
faintish blush to the regions occupied by the liver and stomach, but has filled the interior 
of the exclusively muscular portion of the foot with so close and fine a network as to 
give it at a distance a uniform red appearance. The blue injection occupies much of the 

• Note, p. 30. 
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foot-mass in common with and interposed between the red, its larger tranks holding the 
same position relatively to the larger red trunks as the larger systemic veins do to the 
larger generative ducts, but it has spread itself into the gills, which the red fluid has not. 

Experiment 8. — A similar one to the preceding, but that the blood-vascular system 
was distended with the fluid used in Experiment 7 for the aquiferous, and vice versd. 
The red fluid was thrown in by the aorta, it filled a large artery running parallel with 
the cap of the foot, it filled both labial tentacles, and it set, as it stiffened, in bossy 
masses along the edge of the foot, lastly it returned to the venous sinus and filled it 
and the organ of Bojanus, — occupying thus the entire systemic and renal-portal vessels. 
The blue cold injection was thrown in by the orifices through which the generative 
products are extruded; and we shall see that it, when thus thrown in, disclosed the 
existence of a system of vessels distinct from those already so clearly marked out as 
coextensive with the systemic vessels. It spread itself chiefly over the ovary, but formed 
a fine plexus along the free edge of the foot beyond the artery described as running 
parallel with the edge of the foot, and figured as doing so by Langer*. 

This experiment must be thought to go a considerable way towards demonstrating 
the existence of a system of tubes distinct from, however closely apposed to, the blood- 
vascular system, — this system having been, in this experiment, filled with a rigid mass, 
and filled with it most thoroughly, as the injection of the organ of Bojanus proves, and 
yet allowing the trees injectible from the aquiferous outlet to coexist side by side with 
it, even though the fluid they contained was so much more easily displaced than the 
stiffening size injection. 

Thirdly, of triple injections. 

The readiness with which injections pass from the arterial into the venous system 
make the triple injections which we have practised of less physiological value than at 
first sight might appear to be the case ; and consequently we will content ourselves with 
giving the details of one such injection. 

Experiment 9. — A large Anodon was injected from the venous sinus with a yellow 

stiffening injection ; after this had been done, a blue-coloured fluid, also with size for its 

basis, was thrown into the aorta ; and thirdly, a red injection of the same character was 
♦ * 

thrown in by the aquiferous opening. The blue fluid thrown into the arterial system 
drove the yellow fluid before it out of the systemic veins almost entirely, but it did not 
follow it into the renal-portal system of the organ of Bojanus ; this organ and the gills 
remained richly injected with yellow, to the exclusion of both the other colours ; the red 
fluid, finally; which was thrown in by the aquiferous opening, spread itself in couples 
with the arterial blue over the entire visceral mass, filling alike the areas of digestive 
and of reproductive organs, and spreading itself with especial richness over the exclu- 
sively muscular part of the foot, which it will be recollected is the part of the animal 
most preeminently distended and distensible by both natural and artificial means. 

Lastly, in a large individual of the freshwater-mussel family in which a stiffening 
* Denkschriften der K. Akad. Wies, Wien, viii. Bd. Taf. i. fig. 1. 
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or other injection has been thrown in by the orifice through which the generative pro- 
ducts are extruded, a simple lens is sufficient to show that the tubes thus injected 
have the generative cseca affixed to them laterally, and pass on continuously into parts 
of the foot in which no generative ceeca are lodged. It is most especially in that part 
of the muscular foot into which no viscera are packed, and which forms a belt of con- 
siderable width beyond and bounding the generative mass, and yet free from any admix- 
ture of its constituent elements (as the microscope will show), that we find the capillary 
network (shown to be in connexion with the oviducal outlet whilst clear of the terminal 
cseca) of the gland to attain its maximum development. Now this area is the area also 
of maximum distention in the distended foot. If in an TJnio which has been injected 
from the blood-vascular system and from the oviducal, both with differently coloured 
injecting-fluids, a portion of the injected tissue be taken from this area and placed 
under one of the higher powers of the microscope, the fluid which has been thrown in 
by the oviducal orifice will be seen to be contained in tubes as well and sharply defined 
as those of the capillaries which the other injected fluid will show to be in connexion 
with the blood-vessels. 

"Whilst the analogy of the Echinodermata and many Annelids does away with any 
a priori improbability which may have seemed to attach to the possession by these 
mollusks of the system of tubes the existence of which we have been striving to demon- 
strate, the homology of the Brachiopoda furnishes us with a strong a priori presumption 
in favour of the correctness of oUr view. On the other hand, we cannot forbear point- 
ing out the great improbability which must attach to a view which supposes a fluid of 
such morphological and such chemical characters as is the blood of the freshwater 
mussel to be diluted as it must be diluted on the hypothesis of the blood-vessels being 
the agents by which the animal voluntarily distends itself often to thrice its undistended 
bulk. How do the blood-corpuscles which we may take from the interior of the animal’s 
heart behave when thus mixed with water under the microscope * ? But it is not upon 
considerations such as these that we would lay most weight, but upon the evidence 
which injections of the several systems furnish to the unassisted eye, and upon the con- 
firmation of that evidence which microscopic inspection furnishes. 

* “ Beagentien, wie ein Ueberschuss von Waster, verdiinnte Eaaigsaure, losen bei dor ersteren Art; (Blut> 
korperchen) den scheinbar festen Inhalt auf, und lassen den Hern, wie die cingescblossenen Komchen, 
deutlich hervortreten. Ihre hauflgen Formveranderungen, z. B. die “ Bpiesaigen hirschgeweihahnlichen 
Fortsatze,” welcbe eio treiben, hangen von unvermeidlichen D\ffusionverhaltnissen ab, welchen sie bei der 
grossen Wassermenge gegenuber ihror verhaltnissmassig geringen Anzahl ausgesetzt sind. "Wahrend A. 
Eoxbb dieselben duroh vine Bitching von Vaouolen, in Folge deren Vergrossermg sie einreissen, zu erklaren 
sucht, halt Lieberkiihn diese Zellenbildungen fur Amoben mit selbstandigen confractilen Bewegungen. In 
innigem Zusammenhang mit diesen Erscheinungen steht das leichte Austreten des Zelleninhalts, welch# 
bisweilen in hellen und hyalinen Tropfen herumschwimmt, ja nicht selten geht ein Zerfallm desselben in 
zahlreiehe kleine Tropfohen noch innerhalb der Zellen vor sich, welcbe dadurch ein maulbeerartiges Ansehen 
bekommen, ebenso vereinigen die ausgetretenen Sarcodetropfen dieee Korperchen zu den oben erwahnten 
KlUmpchen und Flockchen.” — Yon Hbbsxjxo, toe. eit. pp. 219, 220. 
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Let U=0 be the equation to the curve with which the curve V=0 has an “ m-pointic 
contact;” in other words, let the curves U and V have m consecutive points in common. 
The degree of contact of which V is capable is equal to the number of independent con- 
stants contained in its equation ; i. e. to the number of terms in its complete expression, 

less one. Thus if n be the degree of V, the degree of contact will be __ ( ra + 1 ) + 2 ) — \ 


1.2 


If the curves U and V have only a single point in common, then the only conditions 


are 


U=0, V=0 

If they have two consecutive points in common, tiien beside (1.) we have also 

bU , , bU , . bU , n 
'^dic+~ 3 -d!i+ 1 £dz=0. 


( 1 ) 


dy 

which, as is well known, lead to the conditions 

bU . BU . bU 
, ■ • dx ' dy * dz 

= bV . bV . bV 

dx ' dy dz 


( 2 .) 


( 3 .) 


and if V be linear, —lx-\-my-\-nz^ (3.) will suffice to determine the ratios l:m:n , and 
fix the position of the tangent V. The conditions (3.) may be expressed by a single 
equation thus : if a, (3, y be any arbitrary quantities, then the equation 


a 


P 


bU bu bu 

dx dy dz 


by by 

dx dy 


bV 

dz 


= 0 , 


( 4 .) 


considered as identical in «, /3, y, may be regarded as an expression for the required 
conditions. 

The developed form of (4.) is 

( W / W BU\ bV L /,bU bU\by_ n . * 

dy P dz J dx"^ dz ^ dxj dy~^“ y dx a dy J dz ’ ’ * ^ 

MDCCCLXII. G 



MB. W. SPOTTISWOODE ON THE CONTACT OF CURVES. 


so that, writing 

/ BU *311X3,/ BU BUXBV ,/ fl dU 3U\_3 . 

[viji-PTz)fc+\“i;-rte)di;+\Pito- u dy)dz-- D ' • • ^ 

the ‘effect of the operation □ upon V is equivalent to the elimination of di r, dy, dz, 
from (1.) and their differentials (2.), and is expressed by the equation 

□V=0 (7.) 

If the curves have three consecutive points in common, we have, in addition to former 
conditions, 

from which da\ dy, dz, d 3 x, d*y, d' 2 z are to be eliminated by the help of (1.) and 
(2.), or (3.). Instead, however, of differentiating (2.), we may differentiate (3.), or, 

what is the same thing, (4.); and we shall then have an expression free from d% 

d?y, d 3 z. 

The results of the elimination may, moreover, in this case be grouped into a single 
expression. Writing for convenience 

3U3 dUd_, 3U3 9U3_ n dUl dU<L.r> /ox 

dy dz dz dy ” dz dx dx dz a ’ dx dy dy dx *’***' *' 

(3.) may be expressed by any two of the equations 

D,V=0, D a V=0, D s Y=0. ........ (10.) 

Differentiating these and combining their differentials with the first of (2.), we may form 
the quadratic system, 

D’V =0 D.D^O D,D s V=0 

D a D,V=0 D*V =0 D a D a V=0 ■ (11.) 

D 3 D,V=0 D 3 D a V=0 D IV =0, J 

all of which are comprised in the one equation 

□ a V=0 (12.) 

And generally, by a similar train of reasoning, the constants of a curve V, having an 
wt-pointic contact with U, will be determined by the equations 

V=0, DV=0, .. CTV=0; m) 

and if ' L0,) 

V={a,b, .. kjx,y,z)* ) 


(13.) 




( 14 .) 
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then 


a : b : . . ‘k 


BV 

av 

BV 

da 

db 

dk 

U da 

• 

• 

• • 

□ 

• *% 

-So 

• 

-iBV 

db 

□ ■ 

ftfe ■ 


( 10 .) 


The equations (11.) are, however, not all independent. In the first place, as in (10.) 
any one of the three equations is a consequence of the other two, so in (12.) any one 
column or row is a consequence of the other two. Secondly, if any pair of binary com- 
binations of the Ds, e. g. D,D a V and D a D,V, be developed, they will, with the help of 
(10.) or (3.), be found identical. This reduces the system (12.) to three independent 
conditions, of which 

D?V=0, D 1 D a V=0, D*V=0 (16.) 

is a type ; as it should do. These three equations will suffice to determine the three 
independent constants of V, when it is capable of a 3-pointic contact, and no more, 
with U. 

The actual calculations may be considerably simplified by using, instead of (13.), the 
following system, 

V=0, DV=0, D a V=0 


(where, as before, D stands for any one of the symbols D n D a , D 3 ). 
is a consequence. 

By way of example, we have for the ordinary tangent 

Y —ax-\-by-\-cz=. 0, 

D V = aD.r 4" illy- +■ cDz = 0, 

whence 

a : b : c 

II x y z 
1 • • • • 

I D# Dy Dz 

=zyDz—zDy : zDx—xDz : xDy — yDx 
dU , dU dU dU 


Of this system (16.) 


(17.) 


_au # au . du 

dx ' dy * dz' * * ' 

The equation of the circle of curvature may be put in the form 

hr* + 2(ayz + bzx + cxy) = 0 ; 

to which are to be added. 


( 18 .) 


AD r*-f 2(aD yz+bD zx+cD xy) = 0, 
ADV+ 2{aD*yz -f b\y*zx-\- cD*xy)=. 0, 
g 2 
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whence 

h: a: b : c 

r 9 2yz 2 zx 2 xy 

Dr 1 * 2D yz 2D zx 2D xy (19.) 

DV* 2 D*yz 2D*zx 2D*xy; 

also 

r. BU BU 
=y jy~ Z 

-p. g 0 BU BU , ^BU t ,BU 

d*f=-2 ^ jf+yv d y -« D -* » 

D*# D 2 zx = #D 

D^ = -ar~ D J ^=-a;D^- 

Moreover the minors formed from the first two rows of the matrix, and from the 
columns below written, have the following values : — 


r* , 2 yz—x- 

^ ki 

1 

1 

, „ BU 

+ X V di 

„ 3U1 
~~ Xm dz J’ 

r* , 2zx=x^ 

r 3u 

[ -y x d*~ 


. BU| 

+y z w}> 

r 2 , 2 xy—x^ 

r bu 

1 zx & 

1 

ror* 

& 

1 



2z#, 2xy — 2a 3 ^ , 
2 xy, 2yz=z2xy*^j- t 
2 yz, 2zx—2xz 9 ^~; 


whence, finally, 


h : a : b : c 


_ 4 BU BU BU , 2*y* it 

da dy dz ”•”(»»— l ) 2 

2 ^ { (^)’+ 0r)}+(-**4y-f) jAp H 

) +(7^) }+(— **— y’+^jSZIjsH. 


( 20 .) 


where H is the Hessian of U. 
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Proceeding by the same principles, we shall have merely to replace □ by D in (15.), 
and there will result a system of expressions for the constants of the curve V having an 
m-pointic contact with a given curve U. 

The following method of reduction may sometimes be used with advantage. Let 
5, <p, %, yp stand for the powers and products of the variables forming the various 

terms of V. Then the coefficients of the curve Y having an m-pointic contact with U 
«will be proportional to the determinants of which the following is a type : 

D m - *g 

D m - a £ . . D m-a \|/ 


But this 


l V . . yp. 


=— 2D m_a £ 

~D m ~% .. D— 

= — 2D m - a £D 

D m— 2 >j D m -% .. D ro-a <p 


D”*~ 3 £ . . D”- 3 ^ 
• • • 


D m ~ 3 »7 D m_3 £ .. D m_3 <p 
• • • 


• • • • • 


i £ •• <P 


=(-)*2D—*S D2 D m ~ a vD 


D m ~% . . D m_3 x D m - 3 ^ 
D m ~% . . D**” 4 X D m "V 



X 4 


=(-) a 2D"- a | 2 D m 


3 » D a 


D m - 3 X D m -V 
D m ~% . . D m_4 x D m ~ 4 -v|/ 




=(—)"*-* 2D m-a § 2D m “ 3 ^ .. 2D<p D m - a 


D x D* 
X + 


In the case of the conic of 5-pointic contact this becomes 


( 21 .) 


-2DV2Dy2Dz a D 3 


2D ** 2Dxy 


zx xy 


I now proceed to the calculation of the conic of 5-pointic contact. This may be 
effected by any of the three methods indicated above, viz. (1) by means of the symbol □, 
getting out the factors (ctx+(iy+ yzf\ (2) by means of the symbols D; (3) by the 
reduced formula (21.). As most of the steps have been calculated by two methods, I 
subjoin some of the leading formulae and transformations which occur in the process. 
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Writing for convenience 


and putting 


\=y 



BU 

dz ’ 


dU BU 
t*= u -<k— 'VS' 


v—(3 


BU BU 
dx a rfy ’ 


V = (abcfgh'Jxyz)*, 


the general expressions (13.) become 

0= {abtfghjxyz)\ 

0= (abcfghXty»Xxyz), 

0= (abcfghX^y+iabcfghX OhOpO »XW Z )> 

0=3 (abcfghX vX\f*v)-\- {abcfghX □ ^ □ V □ YX**3^)> 

0 = 3 {abcfghX □ KO (i □ v) a + ±(abcfyhX □ 2 X □ > □ V£Xp ) + {abcfghX □ □ > □ VJay*), 


whence 

1 3(nx)*+4xn a x+a:D 3 x . 
3XDXH-arD a X 
X a +#DX 
x\ 

i ^ ^ 


a:b: c:f: g: h= 

. 6 □/«.□>'+ 4(^n 9 »'+vD a jM»)-i-yn 3 i'-i-an 3 f* . 
3(/a □ v+v □ (fi)+y □ ’ 3 »+z O > 
2p+ynj/+aDjU* 
yp+z» 

z 8 lyz 2zx 


( 22 .) 


2xy. 


The most convenient method for developing these formulae is to begin with forming the 
15 minors derived from the last two lines ; and by means of them, the 20 minors derived 
from the last three lines ; and so on. It may be noticed that in order to pass to the 
corresponding expressions in D, e.g. D„ it is only necessary to make j3=0, y=0, and to 
divide out the as. This gives 


X=0, 


BU 




BU 

dy’ 


The results of the calculations are as follow : the third minors, formed from the two 
lower lines of (22.), and from the columns the lower constituents of which alone are 
written down, will be 


aa BU , . BU . . dU 

y » z — y z dx ' z ’ ^ — zx dy ’ y — ~ x y<iz ,> 

2asr, 2ay=2x 1 ^, 2 xy, 2yz=2f?J?, 2 yz, 2zx=2z'-^-, 


**> 2 y z = x {^—^s)< «*. **, 2xy=-z*~, 

2 y*=-y*^. O’, 2 zx=y (ffr-x-jp) y\ 2 ay=jf*|2> 

«*, 2y **, 2zx=-z‘^~, z', 2xy=z(x^-y^j. 
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Similarly, for the second minors, 

2 xy, 2xz=ot?(n— 

2 , 2^=^ 8 (w—1)- 9 H, 

2^, 2y^, 2* =2 3 (w~1)- 2 H, 

**. 2 «= 2 (rf/)’ 

**> 2ay, 2yz =2 

‘te, y , 2yz =2 8 ^ (^) -*y(»-l)-H, 
2yz, z* =^)'\j-yz\n-l)-'K, 
2zx, 2*y, z 1 =2^ 
y, z\2yz = 

y. ^ > 2 » = - { (^) ’ ^+^’(n- 1)- H}, 
y , z* , 2zy= -{(^)* ^+yz(»— 1 )-h}, 
z», ®*,2yz = -{(^) i ^ + zM»-l)-*H}, 
z*, ** , 2%r= (^)‘, 

**» **, 2ay=— |C^y^+*t*(»— X)-* h}, 

*■. /.2yz=-{(^)‘^+ay(»-l)-H}, 

*■> y , 2»=-{(^)’^+^y n -i)-H}, 

**• y' > 2^= 


#*> 


3U3UBU , lwaTT 
■S"^T S~' H, 


2yz, 2*r, %=— 2 ^ 2zyz(n— 1)"’H. 
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Similarly, for the first minors, 


. t ao BUJBU/BUBH 
*•, y\ z\ 2 yz= iy * 


BU BH\ oxx/BU BfU _BU Bnj\) 

dz dy J dxdz dz dxdy)]' 


_BU /BU BU 

dz l dx dy 


bubh\* ott/bub^u bu B a u \) 

' dx dz ) 511 ^ dz dydx dx dydz) y 

U BII\ otj/^U SHJ BU B 9 U\) 

ly dx ) 61 \dx dzdy dy dzdx ) y 

U BTI\ ott /BU BHJ BU B 2 U \ 

x dz J y dz dydx dx dydz ) 

a 3H\ , „ T4 /aU yuju H* 

y dx)' y dx dzdy dy dzdx ) j ' ^ (n — 1) 


BU BII 

dx dz 


BU BH 
dy dx 


y\ z\ 2ay, 2 


/BU 

/BU 

| dx \ 

V dz 


y\ z\ 2 zx, 

,^,2^2^{f(f^. 

, . „ 0 dV/dVydU 3H 

z\x>,2xy,2 #*=-#(-*(-&- 4" 

_BU/BU BII 

dx \ dy dz" 

z * x , 2?r 2 ^_^ fBU/BU bh 

2 ’ X ’ | ,/y ^ t/ar 

* » y » ^ dz [ dz V dy dz 

„ ao o bujbu/bubh 

**, f, 2yz, 2xy = rf . {•* ( * dx ' 

r . 2 «. 2-*- 3U P.'7 3,:311 . 

x ■> y ' A V'-> Z/ - x — dz \ dx y dy dz 

_BU/BU BH 

dy y dz dx 

2^, 2,*, 2^=2^(^- 

2yz, 2 zx, 2xy, f=2^~ ^ |"- 

%*2*I*,-2^($»|- 


au an\ „ IT /au a 8 u au anj\> 

dx dz) ' 31i y dz dx * dx dxdz) y 

)U BH\ ott/BU B*U BU Bnj\l 

r/y dx ) ,>t l V dx dxdy dy dx* J J ’ 

>U BH\ oxt/BU B 2 U BU B 9 U\1 

/r dy) ~ 611 V dy dydz dz dy* ) J’ 

iU BH\ ott/BU BnJ_BU B 2 U\ 

dy dx ) \ dx dzdy dy dzdx) 


■ aU ^) + 3H( a i U a 7-f- 

dz dy J' \ dy dxdz dz dxdy J j (n—1 

bu bh\ ott ( bu Biu b u anj\i 

dy dx ) y dx dy* dy dydx ) J ’ 

BU BH\ oti/L 11 ^ BU B 2 U\1 

dz dy ) * \ dy dz * dz dzdy)y 


oti/L 11 ^ BU B 2 U\1 

dz dy ) * \ dy dz * dz dzdy)y 

B u BII\ ott /BU Bnr BU b*u\ 1 

dx dz ) y dz dzdx dx dz * ) J ’ 

BU BH\ _ ott /B U B 2 U B U B 2 U \ 

dz dy ) y dy dxdz dz dxdy ) 

9UB s U\| o H 2 

dx dz )' y dz dydx dx drjdz ) J (n— l 2 ) * 

&UBH\ ott//BU\ 3 B 2 U /BU\ 3 B 9 U1 
dz dy ) { y rfy / dz ¥ y dz ) dy*]' 

QTT //BU\ 3 B 9 U /BU\*B 9 U1 

dx dz ) j y dz ) dx* \dx ) Hz* j » 

iUBHX TT f/BU\ 2 B!y /BU\>B 9 U1 
dy dz ) i y dx ) dy * \ dy ) dx* ]’ 


BU BH 

dx dz 
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Proceeding to the calculation of the final expressions for the coeflicients 0, b , <?,/, g, h 
of the conic of five-pointed contact, which is given rather more in detail, we have, 

... dV dV dU 
wntmg W =w, -^*=w, 

/=^, y 1 , z\ 2 ap, 2ay=DV(y 9 , s 9 , 2&r, 2ay) 

+D 4 y 9 (;s 9 , 2^, 2ay, a?) 

+DV(2z#, 2xy, x\ y 9 ) 

4-2D 4 z#(2ay, ar*, y 9 , a 9 ) 

4-2D 4 ay(a?, y 9 , s 9 , 2&r) 

= — ( 3(D w) a -f- 4wD a w — y D 3 w)y (y D II— 3IID v ) 

-f-(3(Dy ) 9 -f 4vD 9 y +zD 3 y )w(wD H— 3HD w) 

— ( #D 3 y )w(wD a H— 3HD,w) 

-( #D 3 w)u (y DJI— 3HDjW) 

= 3(w 9 (Dy) 9 — v 9 (Dw) 9 )DII+4yw(wD 8 « — vD 9 w)DH 
4- (w 9 ^D 3 y + y 9 yD 3 w)DII — a:(w 9 D 3 yD a H y 9 D 3 wD,H) 

+ 3H { 3DyDw(yDw — tyDy) -f- 4wv(DvD 3 w — DwD*v) 
—yvDvD 3 w—zwDwD 3 v+xvD i vD 3 to-l-xtoD a ivD 3 v} 

;= 3(wDy — yDw)D(yw)DII -f 4ywD( wDv — yDiy)DII 
— 9(wDy— yDw)DyDwH+12yw(DyD 9 iy— DwD 9 y)H 
4-D 3 y {«y 9 (zDH — #D 2 H) — 3Hw(zDiy —xD u w ) } 

+ D 3 ?y { y 9 (yDH— ad),II) - 3Hy(yDy - a?D, v) } 
=(w-l)-V{3D(yw)HDH+4yw(DH) 9 -9DyDwH 9 } 
+12ywH(DyD 9 w— DiyD 9 y) 

+ 3ywHD 9 (vDw— wDv) 

— 3ywH(DyD 9 w— DeoD 9 y), 

which, omitting the common factor (»— l)-*#*, 

= 3D(ww)HDH+ 4w(DH)*+ 9(»- 9w«aH» 

+9^=^waH*-9^j®»H(a ^+ ft 
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But 

SD(w)HDH+6 6 ^ W H (a S ^+<8 

=3(vDw+«,-Dv)(v^- « 5H)h+6 TO (d«.^|-D»^)h 
=(3»*Dw+3t!wDi)— 6«ncD«>)H^— (3iwDi»+Sro’D»— 6w>Dw)H^jS 
=8 H*(»D»-*Db)Y— SH»(«D t»— #D»)^- 
= - 8(» - 1 )- VH 1 (*4” +»*")• 

Hence, excepting the common factor (n — 1)~V, the total expression for/* 
=9(n- 1 )-VH^-3( M - 1 )-VH. (f ) 

- W {3H(l>'H+,^ f (a^+» f Ha) — 4(DH)“}. 

And comparing this with Mr. Cayley’s expressions in arts. 14 and 15 of his memoir 
“On the Conic of Five-pointic Contact,” in the Philosophical Transactions for 1859, 
pp. 370, 377; and bearing in mind that in his formulae we must make A=l, f*=0, v=0, 
in order to institute a comparison; and lastly, dividing throughout by (w— 1)"V9H 3 , 
and multiplying by 2, the expression above written becomes 


n b 9 U 2 WdHbU dHdUA 9 AC 
" dydz 3 H \dy dz ' dz dy } dy 


dUbU 
dz * 


which is in fact the coefficient of YZ in his general formula, viz. 

( x !+ y |+ z l)’ u - (! h( x w+ y f + z ^) + a ( x ^+ y w+ z ^)) 


x(x^ + Yf+Z^) = 


The identity of the expressions for f, as deduced by the present method, with that 
deduced by Mr. Cayley having been thus demonstrated, it is unnecessary to pursue the 
calculations further. 

The following are the principal subsidiary formulae used in the foregoing calculations. 

3y-\-yz 


t bU 




dy 


.SU 

dz 


,bU 


yQy—zO(A=hn'^ ; , z DA— #□*==&□—, atOp— yOAssiD^ 


»Xr,SU 


,bU 


,dU 


bU 


* a ^+^+*^=o. 


dz 
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Also writing 

we have 
also 


□ X 


BU 


BU 


bu 


HV^+D,^=n, 


dy y-" * 

jO.Di'— i»D/x=«n, i»nA— XD>»=/3I1, XD/a— /^□X=yII ; 


-n= 


yu yu yu 

dx 


BU 

dxds dx 


ct 


yu yu yu yu 

dydx dy 2 dydl? 

B 9 U B 9 U B 9 U BU 


dsdx dzdy 

yu yu 

dy 

/3 


dx 

a 


dz* 

BU 

dz 

7 


dz 

0 

0 


7 

0 

0 


$ 8 


= -(^T)« h - 


where H is the Hessian of U. The corresponding reduced form of this expression, 
i. e. when a=l, (3=0, y=0, is 


/BU\> B 9 U 0 BU BU B 9 U , /BU\» B 9 U ** Tr 

\dz ) dy* * dz dy dydz~^ \dy ) dz*~-~“{n- 1) 8±1 * 

And by means of these we may deduce the following : — 

wDv— »Dto=(»— 1) _ VH, wD t v — vD x u-=z{n— l)~ a yx\ly wDyp —v 'D a w=(n—l)~*zxH, 
uDw— «;Dw=(w— l) _9 a^H, wD,w--wD,m=(w— l) - y H, u D s w — wD a u =(n—l)~ VyH, 
vDw— wDv=(w— l)~ 9 #zH, u 1),% — wD,v=(n— l)“ 9 yz H, v D s «-«D,ti =(n-l)"VH. 
Again, 

yD,H-*D l H=3(»-2)^H, *DH-a:D ) H=B(»-2)^H, iD,H-yDH=3(n-2)^H 

jD,m— zD,«=(n— 1) 0^) > zDw— *D,w=a:D l «)— yDi>=(«— 1)^- ^gr- 
To which may be added, 

□ XD u-\- DjiiD c-f OvD w=$HX, 

OXD,w+ Df*D x v+ Di-D.wssiHp, 

□ XD,w+ D^D^H- nrD t w=iHr, 

uDv+vDtV+wD a v=:0, 


DV=-(»-l)-*^(x , H)-3A«+3xH, 
D*# r.-Cn-iyl^-SA*, 
D’w=-(»i-1)-*^(x , H)-3Ah), 


H 2 
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uD*v +vDD,t> +wI)D a i> =-(n-l)"‘wH, 

uD*w +wDD a t0 = — (to — 1)“ teH, 

a:DDjW+yDD,v + 2 DD i w = (to— 1)~*^H, , 

t/Dv — #D,« =^D a «;— zDw = — (to— 1) tw, 

vDDjW —wD D a w= D{(w— l)-*y«H} — (to— l) -l »yH, 

«DD,w — wDD,t> =s D{(to— 1) -, ^H}— (to— 1) _1 W2H, 
zD,to — yD a w = — (to— 1)'V, 

D ! >Ito=-(»-l)-VH||-ra<a > 

d»D’«)-Dwd\'=(m- l)- v|d«o an}, 

D» f -D^”=(»-l)-'{3(»-2)aH-^(a 5 J+» 3 |+© 5=) }, 

whence 

D t .D>»-D W D- c =(»-l)-v{(M-l) an-~(a |£+* f +® ^ H - 
to which many others might be added. 
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TV. On Larixinic Add , a crystallizable volatile prindple found in the Bark of the 
Larch ZWi (Pinus Larix, Linn,). By Dr. John Stbnhouse, F.B.S. 

Beceived July 10, — Bead November 21, 1861. 

The most convenient way of preparing this somewhat singular substance consists in 
cutting the bark of the larch into small pieces, and then digesting it in water for twenty- 
four hours at a temperature of about 80° Cent. The solution, which has a deep reddish- 
brown colour, is then poured off on to a second portion of larch bark and digested as 
before. The concentrated infusion is then cautiously heated in an open porcelaimdish, 
at the temperature of about 80° Cent., till it is converted into a syrup. A portion of this 
syrup is then distilled, either in glass or porcelain retorts, or, what is .better than either, 
in a silver alembic. Iron retorts cannot be employed for this purpose, as the acetic 
acid which is always produced during distillation, by forming acetate of iron, instantly 
destroys the larixinic acid, by changing it into a deep-purple-coloured liquid. When a 
silver alembic cannot be procured, a very convenient way of distilling the extract of the 
larch is to pour it into a large Florence flask, the neck of which is passed obliquely 
•through a cork or bung, which is inserted into a glass condenser. When the flask is 
cautiously heated on a sand-bath, the larixinic acid comes over with the first portions of 
the liquid, but becomes more abundant as the distillation proceeds, and usually forms 
large flat crystals which condense on the sides -and neck of the receiver. The liquid 
which is distilled over, and which contains the greater portion of. the larixinic acid, 
should be poured into small flat basins, and cautiously concentrated at about' 60° Cent. 
When the greater portion of the water has been dissipated, it is advisable, especially in 
warm weather, to complete the operation by spontaneous evaporation ; for unless the 
concentration of the aqueous solution of larixinic acid is conducted cautiously, the 
larixinic acid volatilizes along with the vapour of water, and is thereby lost. The 
highly concentrated solution of larixinic acid obtained in the way just described, on 
standing, deposits brownish-yellow crystals, which are impure larixinic acid. This is to 
be pressed between folds of blotting-paper, and again to be crystallized out of a small 
Quantity of .water. The larixinic acid may be rendered perfectly pure by subliming it 
once o/'twice. This is easily effected by placing the larixinic acid between two watch- 
glasses, or in any other suitable apparatus, and heating it cautiously on a sand-bath, or 
even on a water-bath, as the larixinic add sublimes at the very low temperature of 
98° Cent. The larixinic add is a proximate principle, which exists ready formed in the 
larchv This is easily proved by distilling wen a dilute infusion of the bark, when the 
liquid which passes over will be found to strike a deep purple colour with a persalt of 
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Fig. 1. 


iron, which is very persistent. The bark of old larch trees contains very little larixinic 
acid ; but the bark of the small branches, and that of the stems of the larch when not 
more than from twenty to thirty years of age, contains very considerable quantities of this 
substance, the concentrated syrup from thesportions of bark yielding more larixinic acid 
than an equal weight of catechu does of oxyphenic acid. Larixinic acid, after it has 
been purified by sublimation, forms beautifully white crystals, often more than an inch 
in length, of a brilliant silvery lustre, very much resembling benzoic acid in appearance. 
They sublime at 93° Cent., and melt at 153° Cent. ; but its aqueous solutions volatilize 
at ordinary temperatures. I am indebted to the kindness of Professor W. H. Miller, 
of Cambridge, for the subjoined measurements of the crystals of larixinic acid. 

“ The crystals obtained by sublimation become rough so rapidly when 
exposed to the air, that very little confidence can be placed in the fol- 
lowing results : — 

“ The crystals belong to the oblique system ; they usually occur in 
twins, like the annexed figure. They are extremely thin in a direction 
perpendicular to b. Denoting by l, m, n faces in the zone a J, and by r 
a face in the zone b c, it appears that tan b l, tan b m, tan b n are nearly 
as the numbers 2, 3, 6, and that a 5= 90° O', 5c=90° O', ac=76° O', 

5Z=49°29', bm=6 0°20', bn= 74°6', br= 75° 30'. Cleavage a distinct, 
c imperfect. 

“ The crystals of larixinic acid crystallized out of water are very imperfect ; the angles 
must be regarded as very rough approximations. They are deduced, as well as I could 
deduce them, from a mean of a considerable number of observations by no means agree- 
ing well with each other. The angle between the normals to two faces is taken as the 
measure of the angle between the faces. 

“ Oblique : — 

100,101 = 26° 22' 

010,111 = 74° 36'; 001,101 = 44° 20'. 


Fig. 2. 


“ Forms observed 


010, 001, 110, 011, 023 


Angles. 
110 , 001 
010 , 110 
010 , 011 
010, 023 
010 , 001 


O I 

71 58 
69 35 
59 37 
68 39 
90 0 



“ Cleavage 0 01 distinct, and very easily obtained." 

The smell of the aqueous solution of larixinic acid is sweetish, like that of a syrup, 
but the smell of the sublimed acid is very peculiar and slightly empyreumatic. As 
larixinic add emits a sensible odour at ordinary temperatures, in this respect it con- 
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siderably resembles naphthaline and ordinary camphor. The taste of larixinic acid is 
slightly bitter and astringent. It reddens litmus paper very slightly, but a single drop 
of potash or ammonia, when added to a solution of a large quantity of larixinic acid, 
renders it alkaline. Larixinic acid is very soluble in boiling water, but is by no means 
very soluble in cold water, 87*88 parts of water at 15° C. dissolving 1 part of the acid 
only ; but the solubility of larixinic acid in cold aqueous solutions is greatly increased 
by the addition of either acids or alkalies. Larixinic acid is deposited from its aqueous 
solutions in crystals which are very brittle, and often an inch or two in length. It like- 
wise dissolved in cold alcohol, but to a much greater extent in hot alcohol. The crystals 
deposited from its alcoholic solutions arc thicker and more distinctly formed than those 
from water. It also dissolves but sparingly in ether, and is deposited in crystals of 
very considerable lustre*. The following are the results of the analysis of the larixinic 
acid : — 

I. 0*221 sublimed acid, dried in vacuo , gave 0*4633 carbonic acid and 0*1003 water. 

II. 0*1993 sublimed acid, dried in vacuo , gave 0*417 carbonic acid and 0*0913 water. 

III. 0*2272 larixinic acid, crystallized out of water, gave 0*4756 carbonic acid and 
0*1030 water. 


Calculated numbers. 


Found. 




I. 

II. 

III.' 

C 20 — 

57*14 

57*13 

57*06 

57*09 

H 10 = 

4*77 

5*04 

5*09 

5*04 

O 1A — 

38*09 

37*83 

37*85 

37*87 


From these results it is evident that the carbon, hydrogen, and oxygen in larixinic 
acid are in the proportion of C 2 Hj 0 1 , or some multiple of these numbers, C 20 H 10 O 10 
being the numbers we have adopted as the more probable. 

When a quantity of larixinic acid was dissolved in a great excess of liquid ammonia, a 
yellow-coloured solution was produced; when this was evaporated to dryness over 
sulphuric acid in vacuo , the larixinic acid was deposited in crystals which were nearly 
unaltered. It gave its characteristic reactions with salts of iron, and when boiled with 
milk of lime gave off no trace of ammonia. The combination which larixinic acid 
forms with ammonia is therefore so feeble that it is decomposed by the volatility of the 
ammonia. In this respect, therefore, and in its forming no hydrate, larixinic acid closely 
resembles both pyrogallic and oxyphenic acids. 

When larixinic acid was treated with an excess of aqua potass® it very readily dis- 
solved, forming a yellowish solution. When dried over sulphuric acid in vacuo , the 
potash combination formed long flattish crystals having considerable lustre, but of a 
reddish-brown colour. These crystals, when pressed between folds of blotting-paper to 
free them from excess of potash and recrystalflzed in vacuo , yielded crystals which 
were more deeply coloured than the first. This potash combination is so very feeble that 

^ The crystals of larixinic acid catch fire readily, and bum with a bright flame, leaving no residue. 
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it is decomposed by carbonic acid. It contained a considerable quantity of potash ; but : 
I have not been able to obtain it of a constant composition. 

A solution of larixinic acid gives no precipitate, either with lime-water or with 
saccharate of lime. The behaviour of larinnic acid with baryta is extremely singular 
and characteristic. When a solution of caustic baryta is added to a concentrated 
aqueous solution of larixinic acid, the latter being in excess, a bulky, semitransparent, 
gelatinous precipitate immediately falls, and if the solutions are concentrated fills the 
whole vessel. This precipitate, which considerably resembles hydrated alumina, is but 
slightly soluble in cold water; but it dissolves very readily in boiling 'water, from 
which it is again deposited on the cooling of the liquid. This baryta compound is 
readily decomposed by carbonic acid. When thrown on a filter and washed, the air 
being carefully excluded, it was dried in vacuo over sulphuric acid, and was then found 
to contain, as the mean of two experiments, 34*92 per cent, of baryta. 

A solution of larixinic acid yields no precipitate with either basic or neutral acetate 
of lead, neither is it precipitated by nitrate or ammonio-nitrate of silver ; but when its 
solution in the latter salt is boiled, the silver is reduced in a pulverulent state. Larixinic 
acid forms no precipitate with perchloride of platinum, even on the application of heat* 
It does not contain any nitrogen. It does not reduce oxide of copper when tried by 
Trommer’s test, ir dissolves in concentrated sulphuric acid, but no conjugate combina- 
tion is produced, as was ascertained by neutralizing with carbonate of baryta, larixinic 
acid being obtained unchanged. When larixinic acid is boiled with a mixture of 
hydrochloric acid and chlorate of potassa, it is decomposed, but without the formation 
of chloranile. When it is boiled with a solution of hypochlorite of lime, no coloration 
is produced. It is readily attacked by nitric acid, especially when assisted by heat; 
nitrous fumes are given off, and oxalic acid is the only fixed product. It is also readily 
attacked by bromine, especially when assisted by heat. Abundant vapours of hydro- 
bromic acid are given off, the larixinic acid being entirely destroyed and converted into 
an uncrystallizable resin. The salts of copper produce an emerald-green colour in solu- 
tions of larixinic acid, but no precipitate. Chloride of manganese produces neither 
coloration nor precipitation. Protosulphate of iron strikes a brownish-red colour with 
solutions of larixinic acid, which acquire a brighter red colour on standing, resem- 
bling meconate of iron. Perchloride and persulphate of iron produce a beautiful 
purple dahlia-colour, which is very persistent, and stands dilution well. Its reactions 
with salts of iron are very characteristic of larixinic acid, which forms an excellent 
reagent for the detection of salts of iron, even in very minute quantity. In this way 
the presence of iron, in tolerably pure sulphate of copper, can readily be detected by the 
purple coloration produced. Larixinic acid does not affect neutral protonitrate of mer- 
cury in the cold ; and on the application of heat no mercury is reduced. 

Larixinic acid appears to be peculiar to the larch tree; at least I have not been able 
to find a trace of it in the bark of the spruce fir {Abies excelsa ), or in that of the Scotch 
fir ( Finns sylvestris). Larixinic acid evidently belongs to that small group of subs&nces 
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of which pyrogallic acid and pyrocatechine, the oxyphenic acid of Gerhardt, are the only 
other members yet known. Larixinic acid is much less easily oxidizable than oxyphenic 
acid, which again is less easily oxidated than pyrogallic acid. Larixinic acid volatilizes 
at a much lower temperature than either of these two substances, from which it also 
differs in being a ready-formed proximate principle, and not an educt. 

Addendum . — In consequence of the extremely feeble, if not somewhat doubtful, acid 
properties of the so-called larixinic acid, perhaps the^ name Larixine would be more 
appropriate ; but in that case the name of pyrogallic acid should be altered to pyrogal- 
line , and that of oxyphenic acid to pyrocatechine , the name originally given to it by 
Z WENGER. — J. S. . 
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V. On the Absorption and Radiation of Heat by Gaseous Matter . — Second Memoir. By 
John Tyndall, F.R.S . , Member of the Academies and Societies of Holland, Geneva , 
Gottingen, Zurich, Halle, Marburg , Breslau, TJpsala, la SocieU Philomathigue of 
Paris, &c. ; Professor of Natural Philosophy in the Royal Institution. 

Received January 9, — Read January 30, 1862. 

§ 1. Instruments. 

The apparatus made use of in this inquiry is the same in principle as that employed in 
my last investigation *. It grew up in the following way : — A tube was first procured 
to receive the gases through which radiant heat was to be transmitted, but it was neces- 
sary to close the ends of this tube by a substance pervious to all kinds of heat, obscure 
as well as luminous. Rock-salt fulfils this condition, and accordingly plates of the sub- 
stance an inch in thiekness, so as to be able to endure considerable pressure, were 
resorted to. In the earliest experiments a cube of boiling water was placed before one 
end of this tube, and a thermo-electric pile connected witli a galvanometer at the other ; 
it was found that if the needle pointed to any particular degree when the tube was 
exhausted, it pointed to the same degree when the tube was filled with air. Thus 
tested, the presence of dry air, oxygen, nitrogen, or hydrogen had no sensible influence 
on the radiant heat passing through the tube. 

In some of these trials the needle stood at 80°, in some at 20°, and in others at inter- 
mediate positions. I reasoned thus : — The quantity of heat which produces the deflec- 
tion of 20° is exceedingly small, and hence a minute fraction of this quantity, even if 
absorbed, might well escape detection. On the other hand, the quantity of heat which 
produces the deflection of 80° is comparatively large, but then it would require a large 
absorption to move the needle even half a degree in this position. A deflection of 
20° is represented by the number 20, but a deflection of 80° is represented by the 
number 710. While pointing to 80, therefore, an absorption capable of producing a 
deflection of 15 or 20 degrees on the lower part of the scale, would hardly produce a 
sensible motion of the needle. The problem then was, to work with a copious radiation, 
and at the same time to preserve the needle in a position where it would be sensitive to 
the slightest fluctuations in the absolute amount of heat falling upon the pile. 

This problem was finally solved by converting the pile into a differential thermometer. 
Its second face was exposed, and a second source of heat was placed in front of that 
face. A moveable screen was interposed between the two, by the motion of which the 
sume amount of heat could be caused to fall upon the posterior surface of the pile as 

* Philosophical Transactions, 1861. 
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that received from the experimental tube by its anterior surface. When this was 
effected, no matter how high the previous deflection might be, it was completely neutra- 
lized, and the needle descended to zero. 

Supposing this equality to have been established when the tube was exhausted, it is 
manifest that any gas, capable of absorbing even an extremely small proportion of radiant 
heat, would, if introduced into the tube, destroy the equilibrium of both sources. 
The second source of heat would now predominate, and a deflection of the galvanometer 
needle would be the consequence. The magnitude of this deflection would depend on 
the quantity of heat cut off by the gas, and properly reduced it became a strict measure 
of the absorption. 

But in these experiments my first source of heat stood at some distance from the 
anterior end of the tube, and the heat, previously to entering the latter, had to cross a 
space of air which was not the subject of examination. This air-space I wished to 
abolish, so as to allow the calorific rays to enter the gas with all the qualities which 
they possessed at the moment of emission. I first thought of soldering the end of the 
experimental tube direct to the radiating surface, thus allowing the air to come into 
direct contact with the source. But it immediately occurred to me that the intro- 
duction of cool air into the tube would lower the temperature of the source, and that I 
could never know how far the indication of my galvanometer under such circumstances 
could be regarded as a true effect of absorption ; hence I abandoned the idea of bringing 
the gases into contact with the radiating surface. 

Instead of this arrangement, an independent tube, 8 inches long, and of the same 
diameter as the experimental tube, was soldered on to the radiating plate. By means of 
a screw joint, the free end of this tube was connected air-tight with the experimental 
tube. Thus a chamber, from which the air could be removed, was introduced between 
the first plate of salt and the radiating surface. Two objects were thus secured ; firstly, 
my source of heat was withdrawn from the action of irregular currents of air; and, 
secondly, the radiant heat entered the tube unchanged in quality save the infinitesimal 
change due to its passage through the diathermic salt. 

To save the trouble and expense of a new Plate, I will ask permission to reprint in 
this memoir the Plate made use of in my last ; a verbal reference will in most cases be 
sufficient to indicate the changes recently introduced. S S' (Plate I.) it will be remem- 
bered represented the experimental tube, which was then made of brass polished within. 
Such a tube could not be used for any gases or vapours capable of attacking brass ; 
and though I combated this difficulty, to some extent, by blackening the tube within, 
I could never feel at ease regarding the action of the gases upon the blackening sub- 
stance. Many gases, moreover, present great difficulties on account of their affinity for 
atmospheric moisture. Hydrobromic and hydrochloric acid, for example, form dense 
fumes in the air, and however carefully they might have been dried, I should have been 
reluctant to base any inference on their deportment without actually having them under 
my eyes during experiment. 
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The brass tube, then, which stretched from S to S' in the figure is now replaced by one 
of glass, 2 feet 9 inches long, and 2*4 inches in diameter. The source of heat in my 
last-published inquiry was the cube of hot water C ; but glass being far inferior to brass 
in reflecting power, I was unable with this source to bring out with due force the vast 
differences existing between various kinds of gaseous matter. I therefore had a copper 
hood constructed, and united by brazing with a tube 8 inches long, which was destined 
to form the vacuous chamber in front of the first plate of rock-salt. To heat the copper 
plate, a lamp formed on the principle of Bunsen’s burner was made use of. The gas 
passed upwards by four hollow columns, each perforated for the admission of air. The 
mixture of air and gas escaped from these columns into a chamber shaped like the frus- 
tum of a cone, and over this chamber was placed a shade of thin sheet-iron, the top of 
which was narrowed to a slit one-eighth of an inch wide and 2 inches long. From this 
slit the mixture of gas and air issued, and formed upon ignition a sheet of flame. This 
was caused to glide along the back of the copper plate before referred to, which was 
thereby raised to a temperature of about 270° C. To preserve this source constant was 
one of the greatest difficulties of the investigation ; for the slightest agitation of the 
surrounding air, or the slightest flickering of the flame itself; was sufficient to disturb the 
steadiness of the galvanometer and to render experiments in delicate cases impossible. 
The flame was surrounded by screens of pasteboard, these being again encompassed by 
towels, through the meshes of which the flame was fed ; a suitable chimney produced a 
gentle draught and carried off the products of combustion ; the rhythmic jumping of 
the flame itself was destroyed by screens of wire-gauze ; in short, six weeks’ practice was 
required to master all the difficulties of this portion of the apparatus. The “ compen- 
sating cube” C', the double screen H, and the thermo-electric pile P remain as before. 
They are exposed in the figure, but during the experiments they were surrounded by a 
close hoarding, all the chinks of which were stuffed with tow, so as to protect the cube 
and pile from the disturbing action of the air. To protect the anterior plate of rock-salt 
from the heat which might have been conducted to it from the source, the front chamber 
passed as before through a vessel V in which a current of cold water, constantly renewed, 
was caused to circulate. 


§ 2. Experiments. 

' On two points I wished to set my mind at rest previous to starting on my vacation tour 
this year. These were the absorption of chlorine gas and of ozone. On the 16th, 17th, 
and 18th of June, I experimented on these two substances, and satisfied myself that 
chlorine was far outstripped by many colourless gases, and that ozone had a power of 
absorption very much greater than common oxygen. 

The work was resumed on the 12th of September, and my first care was to examine 
whether my published experiments on moist and dry air stood the test of repetition. 
Professor Magnus had experimented on dry air and on air saturated with moisture, and 
found that the presence of the jnoisture had no influence on the absorption. I, on the 
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contrary, had previously found, and stated, that dry air had only a small fraction of the 
absorptive energy of the same air when even partially saturated. I commenced my 
researches in September with a few experiments on this subject. 

Half an atmosphere of the undried air of the laboratory admitted directly into the 
tube cut off an amount of heat which produced a deflection of 30 degrees. 

My drying apparatus at this time consisted of a U-tube filled with fragments of pumice- 
stone wetted with sulphuric acid. Associated with this was a similar tube filled with 
like fragments, but moistened with caustic potash solution, to remove the carbonic acid 
of the air. 

The air of the laboratory passed through both these tubes in succession, till a tension 
of 15 inches was attained, gave a deflection of 26 degrees. 

This result surprised me, showing, as it seemed to do, a very close agreement between 
dry and moist air. On examining the drying-tubes, however, I found that by a mistake 
of arrangement the air had entered the sulphuric acid tube first, and passed straight 
from the potash into the experimental tube ; thus partially reloading itself with moisture 
after it had been dried. 

The air was now sent through both tubes, commencing with the potash — the deflection 
fell instantly to less than 5 degrees. Hence this experiment showed the absorption 
due to the moisture and carbonic acid of the air tq, be more than six times greater than 
that of the atmosphere itself. It will presently be seen that the difference here stated 
falls far short of the truth. 

The potash and sulphuric acid were now abandoned, and the air was dried by passing 
it through a U-tube filled with fragments of chloride of calcium, which had lain in the 
tube for some months. The deflection produced by air thus dried was 40 degrees ; that 
is to say, 10 degrees more than that produced by the undried air. 

This result, and many others of a similar nature, were due to the imperfection of the 
chloride of calcium. I think chemists ought to be very cautious in the use of this 
substance as a drying agent. When pure and newly fused it may answer for this pur- 
pose, but when old it yields an impalpable powder, which proved in the highest degree 
perplexing to me in my first experiments. It is generally found, I believe, that a drying- 
tube of sulphuric acid gains more in weight than one of chloride of calcium, and from 
this it has been inferred that the quantity of moisture taken up by the former is greater 
than that taken up by the latter. The difference, however, may really be due to the 
mechanical carrying away of a portion of the chloride by the current of air. 

On the 13th of September these experiments were resumed. The dry air then gave 
a deflection of less than 2 degrees ; the air direct from the laboratory caused, in one 
experiment, the needle to move from 20 degrees on one side of zero to 28 on the other. 
In a second experiment the undried air caused the needle to move from 18° on one side 
of zero to 32° on the other. 

Experiments made on the 17th entirely corroborated this result. Three successive 
trials made the action of the undried air of the laboratory 29°, 31°, and 30° respectively; 
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the deflection produced by the dried air being less than a single degree. On this day, 
therefore, the action of the aqueous vapour of the air was at least thirty times that of 
the air itself. 

Almost every week-day during the last four months experiments similar to the above 
have been executed, and in no case have I observed a deviation from the result that the 
absorptive action of the aqueous vapour of the air is quite enormous in comparison with 
that of the air itself. Further on I will give an array of figures illustrating this point. 

As I became more and more master of my apparatus, and more acquainted with the 
precautions necessary in delicate cases, the absorption of air and the elementary gases 
diminished more and more. I was induced to abandon the use of pumice-stone as well 
as of chloride of calcium, and to construct my drying apparatus in the following way. 
The internal portion of a massive block of pure glass was pounded to small fragments in a 
mortar ; these were boiled in pure nitric acid, and afterwards washed several times with 
distilled water so as to remove all trace of the acid. They were then dried, afterwards 
moistened with pure sulphuric acid, and introduced by means of a funnel into a U-tubc. 
The funnel was necessary to preserve the neck of the tube from all contact with the acid, 
the least action of which upon the corks used to close the tube was sufficient to entirely 
vitiate the experiments. At the top of each arm of the U-tube a quantity of dry 
fragments of glass was placed, so tha$ if any dust or particles from the cork or sealing- 
wax chanced to reach the interior they fell upon the dry glass. 

Similar precautions were taken with the caustic potash tube. Pure white marble was 
pounded to fragments and subjected to the action of a dilute acid, which removed the 
outer surface of the fragments. These were afterwards washed in distilled water and 
dried, then moistened with pure caustic potash, and introduced into the U-tube in the 
manner already described. It was sometimes necessary to perform this operation daily, 
and never on any occasion have I used tubes to dry a feeble gas which had been pre- 
viously used to dry a powerful one. 

In the present communication I shall have to touch upon many subjects which for 
want of time I have been unable to develope. The following is an example of these. 
Choosing a day of suitable temperature and moisture — a day on which the human breath 
shows no signs of precipitation — the action of the substances expired from the lungs 
may be most strictly determined by our apparatus. By breathing directly into the 
experimental tube, the action produced by the sum of the products of respiration might 
be accurately measured ; by breathing through the sulphuric acid tube, the moisture of 
the breath would be withdrawn, and the difference between the action then observed 
and the former action would give that of the carbonic acid. In this way the products 
of respiration might be estimated singly, and the influence of various kinds of food and 
drink, or of physical exertion, on the respiration might be investigated in a manner 
hitherto unthought of. 

I have to record the following experiments only in connexion with this subject. 
Placing a suitable tube between my lips, I filled my lungs with air ; a stopcock which 
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was interposed between me and the experimental tube being partially opened, I 
breathed through it slowly into the latter until the mercury gauge of the pump was 
depressed 15 inches. I had, at the time, two assistants, C. A. and R. C., and they 
subsequently breathed into the experimental tube the same quantity as myself. In the 
following Table the absorption produced by the breath of each is stated. 


Action of the Products of Respiration on Radiant Heat. 


Initials of person’s name. Absorption. 


J. 

T. . . 

62 

J. 

T. . . 

62 

R. 

. C. . . 

66 

R. 

C. . . 

68 

J. 

T. again . 

59 

J. 

T. . . 

..... 59 

R. 

a. . . 

63 

C. 

A. . . 

62 

J. 

T. . . 

60-5 


The absorption of dry air bn the day that these results were obtained was found to 
be 1 . The same dry air inhaled , underwent a chemical change which augmented its 
absorptive energy at least 60 times. I give this as a minor limit, and will not say how 
much I regard it as falling short of the truth. 

The day afterwards the following results were obtained, the same amount as before 
being exhale^: — 

Initials. Absorption 

J. T. ....... 56 

R. 0. 62 

J. T. 56 


R. C. 


59 


In all cases R. C., who is the smallest and least robust man of the three, appeared to 
have the advantage. I will only add a few results obtained on the 6th of October, the 
quantity of air expired on the occasion depressing the mercurial column 5 inches. 


Initials. Absorption. 

J. T. 33-5 

R. C 35 

R. C. After half a glass of Trinity Audit Ale #.41 

Again 36 

After a teaspoonful of brandy . # 36 


After chewing and swallowing a small quantity of onion .... 40 

After taking the ale and brandy my assistant washed his mouth and gargled his throat 
several times with cold water. I give these results merely as illustrative of one of the 
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numerous applications of the apparatus. In all the experiments the tube remained 
perfectly transparent throughout, and, on pumping, the needle in each case returned 
accurately to zero. 

§ 3. 

In my last paper I brought the fact somewhat prominently forward that the elementary 
bodies which I had then examined were far less hostile to the passage of the longer 
undulations than the compound ones ; and I founded at the time certain theoretic con- 
siderations on this fact*. I was desirous this year to extend the experiments to one or 
two of the coloured gases and vapours, and on the 20th of September resumed my expe- 
riments on chlorine. This .gas is itself highly coloured, and of a specific gravity of 
2*45 ; one of its compounds, hydrochloric acid, is quite transparent, and of specific 
gravity of only 1*26. Does the act of combination with hydrogen which renders 
chlorine gas more transparent to light render it also more transparent to heat 1 Chlorine 
prepared from hydrochloric acid and peroxide of manganese, and dried by passing it 
through sulphuric acid, was admitted into the tube till it depressed the mercury gauge 
21 inches ; the absorption of the gas was expressed by the number 44. 

Hydrochloric acid was admitted till it depressed the gauge 19 inches; the absorption 
was 68. This experiment indicates that transparency to light and opacity to heat 
accompany the same act of chemical union. 

The following results were afterwards obtained. I may remark that a subsidiary 
gauge was used, so as to prevent the destructive gases from entering the air-pump. 

Absorption. 

Chlorine 15 inches .... 32 

Chlorine 14 inches . . ... 30 

Chlorine 14 inches. ... 30 

Hydrochloric acid 14 inches . 47 

Chlorine again 30 

Hydrochloric acid .... 56 

In all cases the effect of the compound gas was found to exceed that of the elementary 
one ; so that the chemical change which renders chlorine more transparent to light renders 
it more opake to obscure heat. * 

Great care is required in experiments on hydrochloric acid, and great care was 
bestowed on the above. Previously to the introduction of the gas the experimental tube 
was filled with perfectly dry air, so as to leave a perfectly dry residue on exhaustion. 
The gas was allowed to stream through the drying-tube until all traces of air were 
expelled ; then a joint was suddenly Igroken, and the retort was connected with the 
experimental tube. The gas thus passed directly from the retort thr ough the drying 
apparatus into the vacuum. It was difficult to avoid sending in with the gas a few 
particles of moisture ; but these, if such existed, appeared to be dissipated by the dynamic 

* Philosophical Transactions, 1861 . 

£ 


MDCCCLXII. 
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heating of the gas on entering the tube, and kept dissipated by the flux of heat passing 
through it. At all events the closest scrutiny could detect no trace of mist or turbidity 
within the tube ; it was perfectly transparent throughout. The chlorine, on the contrary, 
was intensely coloured. 

I made many experiments with chlorine which had been collected over water, but 
something (what I know not yet) appeared to be in all cases carried along with the gas 
from the water into the tube, which materially augmented its absorption. 

The above experiments were made in the early part of this inquiry, and before I had 
become aware of all the peculiarities of my apparatus. Subsequent experiments reduced 
in some degree the absorption both of chlorine and hydrochloric acid. Very careful 
experiments made on the 29th of October gave the following absorption for these two 
gases, at a tension of 30 inches : — 

Chlorine 39 

Hydrochloric acid . . . . 53 

The chlorine and hydrochloric %cid were removed from the experimental tube in the 
following manner: — A cock and connecting piece were attached to one end of the 
experimental tube, and from them a length of india-rubber tubing led to the flue of the 
laboratory stove. A gas-holdel* of air was put in connexion with the other end of the 
experimental tube, a system of drying-tubes intervening between the latter and the 
holder. By a slight water-pressure a stream of dry air was carried gently through the 
tube to the flue, and in this way the gases, which if pumped out would have injured the 
pistons, were speedily removed. As the dry air replaced the gases, the needle gradually 
descended to zero, its arrival there being indicative of the complete displacement of the 
gas. The perfect dryness of the air thus made use of was beautifully proved. Had the 
air contained moisture, it would* instantly on its mixture with hydrochloric acid have 
rendered the medium within the tube turbid. However slight this turbidity might be, 
and however invisible to the eye, the galvanometer would have revealed it. But there 
was no movement in an upward direction ; the needle gradually sunk from the moment 
the air entered. 

As regards the influence of chemical union in the absorption of radiant heat, a still 
more severe test than that furnished by the substances last examined is presented by 
bromine and hydrobromic acid ; for the opacity of th<? former to light is far greater than 
that of chlorine, while the two compounds are equally transparent. The density of 
bromine, moreover, is 6*54, whereas that of hydrobromic acid is only 2-75. The difficulty 
of operating with the acid compound of bromine is at least equal to that attendant on 
hydrochloric acid, and several successive days were spent in endeavouring to arrive at 
safe conclusions in connexion with this subject.^ Bromine dried with phosphoric acid 
was introduced into a flask furnished with a screw cap, which enabled it to be attached 
to the experimental tube. By turning a stopcock, the pure vapour was allowed slowly 
to enter, until the mercury column was depressed two inches. From more than twenty 
experiments made with this substance, I should infer that the absorption of the quantity 
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mentioned does not exceed 


11 , 


while the absorption of hydrobromic acid of the^ame tension amounts to 

30. 


The hydrobromic acid was prepared by the action of glacial phosphoric acid (for a 
pure specimen of which I have to thank my friend Dr. Frankland) on bromide of 
potassium. If the above figures represent the truth, (and I have spared no pains to 
arrive at a right conclusion), we have here a most striking instance of transparency to 
light and opacity to obscure heat being promoted by the self-same chemical act *. 


44 - 


In the following Table is given the absorption of a number of gases at a common 
tension of one atmosphere. 

Table I. 


Name. Absorption. 

Air • 1 

Oxygen 1 

Nitrogen 1 

Hydrogen • 1 

Chlorine 39 

Hydrochloric acid ... 62 

Carbonic oxide .... 90 

Carbonic acid .... 90 

Nitrous oxide 356 

Sulphuretted hydrogen . 390 

Marsh-gas ' 403 

Sulphurous acid .... 710 

Olefiant gas 970 

Ammonia 1195 


Air, oxygen, nitrogen, and hydrogen are all set down as equal to unity in the above 
Table. I do not mean thereby to affirm that there are no differences between these gases 
as regards their powers of absorption, but that the most powerful and delicate tests which 
I have hitherto applied have failed to establish a difference in a satisfactory manner. It 
is not improbable that the action of these gases may turn out to be less even than I have 
found it. For who can say that the best-constructed drying apparatus is really perfect 1 
Besides, stopcocks must be greased, and hence may contribute an infinitesimal impurity 
to the air passing through them. I cannot even say that sulphuric acid, however pure, 
may not deliver a modicum of vapour to the current of air passing through it. At all 

* A layer of liquid bromine, sufficiently opake to intercept the entire luminous rays of a gas-flame, is 
highly diathermanouB to its obscure rays. An opake solution of iodine in bisulphide of carbon behaves 
similarly.— The details of these experiments shall be published in due time : they were publicly shown in 
my lectures many months ago. — June 18 th, 1862 . 

K 2 
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events, if any further advance should be made in the purification of the gases, it will 
certainly only tend to augment the enormous differences exhibited in the above Table. 

Ammonia, of the tension mentioned, Stands highest in the above list as regards absorp- 
tive energy. I believe that a length of less than 3 feet of this gas, which to the vision 
is as transparent within the tube as the vacuum itself, is iterfectly black to the rays 
emanating from the source here made use of. When the gas was in the tube, the inter- 
position of a double metallic screen between the pile and source augmented the deflec- 
tion very slightly. But I shall show further on that the ammonia in this experiment 
could not exhibit the full energy of its absorption, and that the length indicated is in 
all probability absolutely impervious to the heat issuing from our source. 

It would be a mere affectation of accuracy to try to deal with smaller quantities of the 
first four substances mentioned in the Table than those with which I have here operated. 
Still, if such small quantities could be directly measured, the action of air, oxygen, 
hydrogen, and nitrogen, in comparison with that of the other substances at the same 
tension, would doubtless be greatly reduced. With the energetic gases the rays are 
most copiously struck down by the quantities which first enter the tube, the quantities 
which enter last producing in many cases an infinitesimal effect. Now I have shown 
in my last paper that for very small absorptions the effect is sensibly proportional to 
the quantity of gas present, and this would seem to justify us in assuming that for 
1 inch of tension the absorption of air, oxygen, nitrogen, and hydrogen would be ^yth 
of the absorption at 30 inches. With all the other gases I have measured directly the 
absorption of a quantity possessing in each case a single inch of tension. Assuming the 
proportionality just referred to, and again calling the effect of air unity (the unit, how- 
ever, being only -g^tlj of that in the last Table), the following are the relative absorp- 
tions : — 

Table II. 


Air 

1 

Oxygen 

1 

Nitrogen 

1 

Hydrogen 

1 

Chlorine 

60 

Bromine 

160 

Hydrobromic acid . . . 

1005 

Carbonic oxide .... 

750 

Nitric oxide 

1590 

Nitrous oxide 

1860 

Sulphide of hydrogen . . 

2100 

Ammonia 

7260 

Olefiant gas 

7950 

Sulphurous acid .... 

8800 


Here we have the extraordinary result that for tensions of 1 inch of mercury the 
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absorption of ammonia is over seven thousand times , the absorption of olefiant gas seven 
thousand nine hundred and fifty times , while the action of sulphurous acid is eight 
thousand eight hundred times that of air. 

It is impossible not to be struck by the position of chlorine and bromine in this 
Table. They are elements, and notwithstanding their colour and density, they take rank 
after the transparent elementary gases. The perfectly transparent olefiant gas absorbs 
more than one hundred and thirty times the amount absorbed by the untransparent 
chlorine, and nearly fifty times the quantity absorbed by the intensely brown vapour of 
bromine. I cannot think this fact insignificant. Hitherto chemists have spoken to us 
of elements, and we have helped ourselves to conceptions regarding them and their 
compounds in the only way possible to our mental constitution. But our conceptions 
remained purely subjective, nor were we acquainted with any physical trait which would 
in any degree justify these conceptions. Here, however, we seem to touch the ultimate 
particles of matter. Starting from the idea that a gas absorbs such vibrations as are iso- 
chronic with its own, in all cases the compound gas reveals itself to the mind’s eye with 
its molecules on the whole swinging more slowly than the uncombined atoms of which 
it is composed. Their absorption of the longer undulations proves their general coinci- 
dence in period with those undulations. We load the atom by the act of chemical union, 
and thereby render its vibrations more sluggish, that is to say, more fit to synchronise 
with the slowly recurrent waves of obscure heat. 

In the foregoing Table T have given the absorption of nitric oxide as 1590, which is 
less than that of nitrous oxide, though the molecule of the former contains a greater 
number of atoms than that of the latter. It will be noticed that those gases which on 
combining suffer no condensation are less energetic absorber's than those which suffer a 
reduction of volume. Whether this rule is universal I am as yet unable to say. 

It is very difficult to operate with nitric oxide ; the affinity of the gas for oxygen is so 
enormous that the slightest trace of this substance gives rise to the brown fumes of 
nitrous acid. On first sending this gas into the experimental tube, 1 inch of it gave an 
absorption of 2040 ; but the needle slowly went up afterwards, until it finally indicated 
an absorption of 5100. On looking across the tube at this time, the brown hue of 
nitrous acid was discernible. 

In a second experiment I made the vacuum as perfect as possible ; on allowing nitric 
oxide to enter, the absorption was 1860, but the needle soon afterwards declared an 
absorption of 3060, the brown fumes appearing as before. 

On filling the experimental tube with nitrogen, then exhausting, and allowing nitric 
oxide to enter, the absorption of 1 inch of the gas was 1680. On filling the experi- 
mental tube previously with hydrogen the absorption was 1590, which is that given in 
the Table. On letting in a mixture of air and nitric oxide till the tube was filled, the 
action last mentioned was augmented nearly twentyfold. Nitrous acid is therefore an 
extremely energetic gas. The difference between it and bromine is enormous when the 
colours of both are equally dense. 
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A close inspection of Melloni’s Table * reveals, I think, the tendency of solid bodies 
also to become more transparent to heat as their composition becomes more simple. 
After rock-salt itself comes the clement sulphur, and after it fluor-spar. But the case 
of lampblack will here occur to many, who regard it as the most powerful absorber and 
radiator yet discovered. No doubt the grouping of the atoms of an elementary sub- 
stance may make it tantamount to a compound, and no doubt this is actually the case 
with lampblack ; another eminent example of this kind is referred to in this paper in 
the section on ozone. Leslie, however, found water to be a better radiator than lamp- 
black, and Wells found several substances which were more capable of being chilled by 
nocturnal radiation. On reflection, moreover, the following considerations arise. The 
lampblack of commerce and the soot of a lamp or candle, that is to say, the substances 
which have been hitherto employed in experiments on radiant heat, are copiously mixed 
with hydrocarbons, which are the most powerful absorbers and radiators in Nature. It 
might fairly be questioned whether the reputed experiments with lampblack really dealt 
with lampblack aj. all. But even the impure substance is to some extent transparent to 
radiant heat. 

I have plates of black glass, rendered so by the solution of carbon in the glass while 
in a state of fusion, and which, though they are impervious to the rays of the most 
intense electric light, allow of a copious transmission of the rays of obscure heat. 
Melloni’s beautiful experiments on glass of this character are well known ; indeed mine 
are but repetitions of his. Another of Melloni’s experiments which I have recently 
verified is the following. A plate of transparent rock-salt was placed over a smoky 
camphine lamp, and soot was deposited on its surface until it intercepted every ray of a 
brilliant jet of gas. «< The plate was placed between a source of heat possessing a tempe- 
rature of 100° C., and a thermo-electric pile, a polished screen being placed between the 
salt and the source. As long as the screen remained, the needle of the galvanometer 
connected with the pile stood at zero ; but the moment the screen was removed the 
needle promptly advanced, showing the instantaneous transmission across the layer of 

soot of a portion of the heat incident upon the salt. The actual numbers obtained in 

# 

this experiment are these : — The deflection produced by the heat transmitted through 
the soot was 52° ; which is equal to 90 units. The deflection produced when the layer 
of soot had been carefully removed, so as to leave both surfaces of the salt smooth and 
transparent, was 71°, which is equal to 300 units. The quantity transmitted through 
the soot is therefore to the total quantity as 

90 : 300, 

or as 

30 : 100; 

that is to say, the lampblack, which was perfectly opake to the light of a gas-jet, was 
transparent to fully 30 per cent, of the incident heat. On consulting Melloni’s Table, 

I was gratified to find that he made the transmission by a plate similarly prepared 

* ‘ La Thermocbrdse,' p. 164. 
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27 per cent. ; while a layer so opake that it cut off the beams of the sun itself trans- 
mitted 23 per cent, of the rays emitted by a source heated to 100° C. 

At page 93 of ‘ La Thermochrose,’ Melloni examines the absorption of this substance 
for all sorts of rays, and by a series of ingenious experiments, and reasonings remark- 
able for their clearness and precision, he arrives at the conclusion that lampblack 
absorbs with the same intensity all descriptions of radiant heat*. At page 284, how- 
ever, he cites and discusses with the same precision a series of experiments made with 
smoked rock-salt, in which he shows that the same layer of lampblack transmits 8 per 
cent, of the rays from a lamp of Locatelli, 10 per cent, of those of incandescent pla- 
tinum, 18 per cent, of those from copper heated to 400° C., and fully 23 per cent, of 
those emitted by a source of 100° C. Now a transmission of 8 per cent, implies an 
absorption of 92 ; while transmissions of 10, 18, and 23 per cent, imply absorptions of 
90, 82, and 77. But that the self-same layer of lampblack absorbs 77 per cent, of the 
rays from one source and 92 per cent, of the rays from another, is at variance with the 
statement that lampblack absorbs heat from all sources with the sam^ intensity. Sup- 
pose the surface of a thermo-electric pile to be coated by a layer of lampblack of the 
same thickness as that which coated Melloni ’ s plate of salt ; 23 per cent, of the rays 
from a source of 100° C. would go right through such a layer and impinge upon the 
metal face of the pile ; and if the latter were a good reflector, the heat incident upon it 
would be in great part retransmitted through the lampblack and lost to the instrument. 
For a source of 100° t)., this loss would be many times greater than for a Locatelli lamp. 
Possibly, however, Melloni meant simply to assert that for practical purposes the 
absorption by the face of his pile might be considered to be the same for all kinds of 
hcatf. 

§5. 

I have now to record some new experiments on the action of vapours upon radiant 
heat. A number of glass flasks were prepared, of the shape and size of common test- 
tubp, each of which was furnished with a brass cap carefully cemented on to it. By 
means of this it could be attached to a stopcock, and thus connected with the experi- 
mental tube. The mode of operation: was this. The liquid was introduced into the 
flask by means of a small glass funnel ; the stopcock (S) was then attached to the flask 
and connected with a second air-pump, which was always kept at hand. The air above 
the liquid was removed, and the air dissolved in it was allowed to bubble away, until 
nothing remained but the pure liquid below and the pure vapour above it. The stop- 
cock S was now shut off, and the flask united to the experimental tube. The exhaustion 
of the tube and stopcocks being complete, and the needle of the galvanometer at zero, 
the cock S was turned on and the mercury-gauge carefully observed at the same time. 

* “Done, le noir de fumee absorbe avec la rafime intensity toute sorte de rayonnements calorifiquea ” (p. 101). 
t The sun, through the floating carbon of the London atmosphere, sometimes presents a most instructive 
appearance. Entirely shorn of his rays and of perfectly uniform brightness, his colour at times is as red as 
blood. This is doubtless mainly due to the comparative transparency of the floating carbon for the longer 
undulations. 
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No bubbling of the liquid was in any case permitted. The vapour entered silently and 
without the slightest commotion, and when the mercurial column was depressed to the 
extent required, the cock S was promptly turned off. 

The energy with which the needle moves the moment a strong vapour enters is so 
extraordinary, that I was compelled to remove the stops which arrested the swing of the 
needle at 90°, lest the shock against them should derange the equilibrated magnetism of 
the astatic pair. The needle often swung far beyond a quadrant ; and after it had come 
finally and permanently to rest, its position was observed in the following manner: — 
The dial of the galvanometer being well illuminated, a looking-glass was placed behind 
the instrument, at such an angle that when looked at horizontally the image of the dial 
was clearly seen. This image was observed by an excellent telescope, fixed at a distance 
of 11 feet from the galvanometer. Attached to the needle, and in continuation of it, 
was a bit of glass fibre of extreme fineness, which ranged over the graduated circle, and 
by means of it a very small fraction of a degree could be easily read off. I resorted to 
the expedient of observing from a distance, because I found that the approach of my 
person, perhaps through the diamagnetic action of my own body, had a sensible effect 
upon the needle of my instrument, which, I believe, surpasses in delicacy any hitherto 
constructed. 

The 'permanent deflection of the needle was noted in all these experiments, and the 
value of the deflection, expressed in terms of one of the lower degrees of the galvano- 
meter, was obtained from a table of calibration. To spare unnecessary labour, I omit 
the deflections in the following Table, and give the absorptions only produced by the 
vapours mentioned, at 0T, 0-5, and 1-0 inch of tension. 


Table III. 




Tensions. 



r 



Name of substance. 

01 inch. 

O 1 5 inch. 

1*0 inch. 

Bisulphide of carbon 

... 15 

47 

62 

Iodide of methyl . . 

... 35 

147 

242 

Benzol 

... 66 

182 

267 

Chloroform 

... 85 

182 

236 

Methylic alcohol . . . 

... 109 

390 

590 

Iodide of ethyl . . . 

... 158 

290 

390 

Amylene 

... 182 

535 

823 

Sulphuric ether . . . 

... 300 

710 

870 

Alcohol 

. . . 325 

622 


Formic ether .... 

... 480 

870 

1075 

Acetic ether .... 

... 590 

. 980 

1195 

Propionate of ethyl . . 

... 596 

970 


Boracic ether .... 

... 620 




Let us compare some of the results of this Table of transparent vapours with the action 
of the highly coloured vapour of bromine. The absorption of bromine vapour at 1 inch 
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tension is about 6, and at 0*1 of an inch tension would probably not exceed 1 ; hence, 
at 0*1 of an inch tension, bisulphide of carbon has probably 15 times the absorbent 
power of bromine ; but bisulphide of carbon is the feeblest of the compound vapours 
that I have yet discovered. The strongest of these, boracic ether, has, according to the 
above estimate, and at the tension stated, more than 600 times the absorbing energy of the 
strongly coloured bromine. 

The whole of the numbers in the above Table are referred to atmospheric air as 
unity ; 0*1 of an inch of bisulphide of carbon vapour, for example, absorbs 15 times as 
much as a whole atmosphere of air. Let us compare, for an instant, the action of 
boracic ether with that of air. We arrive at an approximate comparison in this way. 
The absorption of the tenth of an in<Jh of boracic ether is something more than that of a 
whole inch of methylic alcohol ; by diminishing the quantity of mcthylic alcohol to one- 
tenth, we reduce its absorption from 590 to 109. The absorption of one-tenth of an inch 
of boracic ether is 620° ; suppose it to diminish in the proportion above found for me- 
thylic alcohol, we should have for 0-01 of an inch of boracic ether an absorption of 111 ; 
that is to say, for -joVffth of an atmosphere of boracic ether, we should have an absorp- 
tion 111 times that of a whole atmosphere of oxygen, nitrogen, hydrogen, or atmo- 
spheric air. 

With the transparent elementary gases it is impossible to measure directly the absorp- 
tion of 0*1 of an inch ; but assuming, as before, that up to an absorption of 1 the effect 
is proportional to the quantity of gas present, the absorption of each of the elementary 
gases, at a tension of 0T of an inch, would be about 0-0033; lienee the absorption of 
boracic ether of 0-1 of an inSh tension is to that of air at the same tension as 

C20 : 0-0033, 

which would give to the ether an energy 186,000 times that of air. 

I have already spoken of the blackness of ammonia at 30 inches tension. Referring 
to Table I., its absorption is found to be 1195. In the last Table the vapour of acetic 
ether, possessing only one-thirtieth of the tension of the ammonia, produces apparently 
the same effect; its absorption is also 1195. Such facts give one entirely new ideas 
of the capabilities of matter, and our wonder will not be diminished by the results to be 
recorded further on. 

With both gases and vapours we find that it does not follow that a gas which produces 
a larger effect than another at one tension should surpass that other at all tensions. 
Some gases start from a lower level than others, but ‘finally attain an equal, or even a 
greater elevation. If their absorptions were represented by curves plotted from the 
same datum-line, these curves would in some cases approach, and in some cases cross 
each other. At a tension of 1 inch, for example, carbonic acid has more than double 
the absorptive power of carbonic oxide, whereas at a tension of 30 inches they are 
equal ; indeed some of my experiments show carbonic oxide to have the advantage. On 
the 22nd of October, for example, I found the deflection produced by 2 inches of car- 
bonic oxide to be 16°, while that of 2 inches of carbonic acid was 38°. The two gases 
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at a tension of 30 inches gave these results : — 

Carbonic oxide 52 

Carbonic acid 51*5 

And again, on the 4th of November I obtained the following relative effects : — 

Tensions. 

r ^ 

1*2 inches. 24 inches. 

Carbonic oxide 1§ 57 

Carbonic acid 37 54 

The same remarks apply to vapours. Methylic alcohol, for example, starts at a lower 
level than the iodide of ethyl, but ascends more quickly, and finally reaches a much 
higher elevation. The same observation may be made of chloroform in comparison with 
benzol and the iodide of ethyl. 

§ 6 . 

I have now to refer to a class of facts which surprised and perplexed me when I first 
observed them. As an illustration, I will first take the case of alcohol vapour. A 
quantity of this substance, sufficient to depress the mercury gauge 0‘5 of an inch, pro- 
duced an absorption which caused a deflection of 72° of the galvanometer needle. 

While the needle pointed to this high figure, and previously to pumping out the vapour, 
I allowed dry air to stream into the tube, and happened while it entered to observe the 
effect upon the galvanometer. The needle, to my astonishment, sank speedily to zero, 
and went to 25° at the opposite side. The entry of the almost neutral air here not 
only abolished the absorption previously observed, but left a considerable balance in 
favour of the face of the pile turned towards the source. A repetition of the experi- 
ment brought the needle down to zero, and sent it to 38° on the opposite side. In like 
manner a very small quantity of the vapour of sulphuric ether produced a deflection 
of 30°; on allowing dry air to fill the tube the needle descended speedily to zero, and 
swung to 60° at the opposite side. 

These results both perplexed and distressed me, for I imagined, on first observing 
them, that I had been throughout dealing with an effect totally different from absorp- 
tion. I thought, at first, that my vapours had deposited themselves in opake films on 
my plates of rock-salt, and that the dry air on entering had cleared these films away, 
and allowed the heat from the source free transmission. 

But a moment’s reflection dissipated this supposition. The clearing away of such a 
film could at best but restore the state of things existing prior to its formation. It 
might be conceived of as bringing the needle again to 0°; But it could not possibly pro- 
duce the negative deflection, which, in the case of ether vapour, amounted to the vast 
amplitude of 60°. Nevertheless I dismounted the tube, and subjected the plates of 
salt to a searching examination. I satisfied myself thus that no such deposition as that 
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above surmised took place. The salt remained perfectly transparent while in contact 
with the vapour. 

Some of the experiments recorded in the Bakerian Lecture for this year (1860) had 
taught me that the dynamic heating of the air when it entered the exhausted tube was 
sufficient to produce a very sensible radiation on the part of any powerful vapour con- 
tained within the tube, but I was slow to believe that the enormous effect above 
described could be thus accounted for. My first care was to determine the difference of 
temperature between a thermometer placed within the tube at the end furthest from 
the source, and one placed without it. I then examined, by an extremely sensitive 
thermometer, the increase of temperature produced by the admission of dry air into the 
tube, and the decrease consequent on pumping out ; and found the former to be a con- 
siderable fraction of the total heat transmitted from the source. Could it be that the 
heat thus imparted to the alcohol and ether vapours, and radiated by them against the 
adjacent face of the pile, was more than sufficient to make good the loss by absorp- 
tion 1 The experimentum crucis at once suggested itself here. If the effects observed 
be due to the ^dynamic heating of the air, we ought to obtain them even when the 
sources of heat made use of in the experiments are entirely abolished ; and we should 
thus arrive at the solution of the novel, and at first sight utterly paradoxical problem, 
To determine the radiation arid absorption of gases and vapours without any source of heat 
external to the gaseous body itself. 

For the sake of brevity, I will call the heating of gas by its admission into a vacuum, 
the dynamic heating of the gas ; and the chilling accompanying its pumping out, dynamic 
chilling. It would also contribute to brevity if I were allowed to call the radiation and 
absorption of the gaseous body, consequent on such heating and chilling, dynamic radi- 
ation and dynamic absorption , though I fear the terms are not unobjectionable. 

♦ 

§ 7. On Dynamic Radiation and Absorption. 

Both the source of heat and the compensating cube were dispensed with, and the 
thermo-electric pile was presented to the end of the cold experimental tube. By a little 
management, the slight inequality of radiation against both faces of the pile, arising 
from differences in the various parts of the laboratory, was obliterated, and the needle of 
the galvanometer thus brought to 0°. 

The vapours were admitted in the manner already described, until a tension of 0 # 5 of an 
inch was obtained. The air was then allowed to enter through a drying apparatus by an 
orifice of a constant magnitude. Two stopcocks, in fact, were introduced between the dry- 
ing-tube and the experimental tube ; one of these was kept partially turned on, and formed 
the gauge for the admission of the air. When the tube was to be exhausted, the second 
stopcock was turned quite off. When the tube was to be filled, this stopcock was turned 
full on ; but the gauge-cock was never touched during the entire series of experiments. 

Before, however, the mode of experiment was thus strictly arranged, a few preliminary 
trials gave me the following results : — 

l 2 
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Nitrous oxide on entering caused the needle to swing in a direction which indicated 
the heating of the gas ; the limit of its excursion was 28°, after which it slowly sunk to 0°. 

The pump was now worked ; the propulsion of the first portions of the gas from the 
tube was so much work done by the residue. That residue became consequently chilled ; 
into it the face of the pile adjacent poured its heat, and a swing of the needle on the 
negative side of 0° was the consequence. The limit of the excursion was 20°. 

Olefiant gas, operated on in the same manner, produced on entering the tube a swing 
of 67°, showing radiation ; and oil pumping out, a swing of 41°, showing absorption. 
After the pumping out of the gas, and without introducing a fresh quantity, dry air was 
again admitted ; the swing produced by the dynamic radiation of the residue of the gas 
(0-2 of an inch intension) was 59°. On pumping out very quickly , the dynamic absorp- 
tion produced a deflection of nearly 40°. 

A little of the vapour of sulphuric ether was admitted into the tube ; on the admis- 
sion of dry air afterwards the needle swung from 0° to 61°; on pumping out, the needle 
ran up to 40° on the opposite side. 

These and other experiments, which I confess gratified me exceedingly, showed that, 
without resorting to any source of heat external to the gaseous body itself, its radiation 
and absorption might be determined with extreme accuracy, and the reciprocity of both 
phenomena rendered strikingly clear. In fact, at this very time I had been devising an 
elaborate apparatus for the purpose of examining the radiation of gases and vapours, 
with a view to comparing it with their absorption; but no such apparatus would have 
given me results equal in accuracy to those placed within reach by the discovery of 
dynamic radiation and absorption. 

The following Table is the record of a series of experiments in connexion with this 
subject. The vapour in each case was admitted till the mercury column fell half an 
inch, and dry air was admitted afterwards. 

Table IV. — Dynamic Radiation and Absorption of Vapours. 

Deflections. 



Radiation. 

Absorption. 

Bisulphide of carbon . 

... 14 

O 

6 

Iodide of methyl 

. . . 19-5 

8 

Benzol 

... 30 

14 

Iodide of ethyl . . . 

... 34 

15*5 

Methylic alcohol . . 

... 36 


Chloride of amyl 

... 41 

23 

Amylene 

... 48 


Alcohol 

... 60 

27*6 

Sulphuric ether * . . 

... 64 

34 

Formic ether . . . 

. . . 68-6 

38 

Acetic ether . . . 

... 70 

43 
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The paradox already referred to is here solved, and the explanation given of the extra- 
ordinary effect observed in the case of the alcohol and ether vapours when dry air 
entered the experimental tube. Dynamic radiation, moreover, and dynamic absorption 
go hand in hand ; and if we compare both with Table III., we shall find the order of the 
substances precisely the same, although one set of results are obtained with a source of 
heat external to the gaseous body, and the other with a source of heat and cold within 
the body itself. Had I sufficient time at my disposal, I could develope this subject with 
advantage. The results just recorded constitute my first regular series of experiments, 
and no doubt augmented experience will enable me to attain more perfect results. 

I could not well obtain half an inch of my most energetically acting vapour, namely, 
boracic ether ; but one-tenth of an inch admitted into the tube and dynamically heated 
and chilled, gave — 

Radiation. Absorption. 

56° 28° 

Seeing the astonishing energy with which some of these vapours absorb and radiate 
heat, it may be asked how far the quantity of vapour may be reduced before its action 
becomes insensible. At present I will not venture to answer this question fully ; 
certainly we should be dealing at least with millionths of our smallest weights. But I 
will here lay before the Society an account of one experiment, the result of which can 
hardly fail to excite astonishment. The experimental tube being exhausted, one-tentli 
of an inch of boracic ether vapour was admitted into it ; the barometer stood at 30 inches 
at the time, hence the tension of the vapour within the tube was a®o£h of an atmo- 
sphere. 

Dynamically heated by dry air, the radiation of this vapour produced a deflection 
of 56°. 

The tube was then exhausted to 0 2 of an inch, and the quantity of vapour reduced 
thereby to -rr<yth part of its first amount ; the needle was allowed to come to zero, and 
the residue of vapour was dynamically heated as before : its radiation produced a deflec- 
tion of 42°. 

The pump was again worked till a vacuum of 0*2 of an inch was obtained, this residue 
containing of course y^th °f the quantity of ether present in the last. On dynamically 
heating this residue, its radiation produced a deflection of 20°*. 

Two additional exhaustions, succeeded by dynamic heating, gave the deflections 14° 
and 10° respectively. 

Tabulating the results so as to place each deflection beside the vapour-tension which 
produces it, we have the following view of the experiment : — 

* This is less than the truth ; my assistant having executed three or four strokes of the pump inadvert- 
ently while the dry air was not shut off, removing thereby a considerable proportion of the vapour which 
ought to be present at this stage of the experiment. 
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Table V. — Dynamic Radiation of Boracic Ether. 


Tension in ports Deflection, 

of an atmosphere. o 

To&th 56 

I y ^ ^ — tV) 42 

150 A 300 — 45000 lu 

i'5i>X'uoXsod = 6 7 5 0 0 0 0 th 

_i v _i. w_i_ v .1 1 th 14 

150 X 150 A no'' 301) 1 0 1 2 5 0 0 0 O 0 111 


The air itself, slightly warming the apparatus near the pile, produces a feeble radiation, 
amounting to 6° or 7°. I have purposely excluded the deflection 10°, in order to show 
that the effect was still diminishing when the experiment ended, the constant effect due 
to the air itself being not yet attained. I thus exclude two Os from the denominator 
of my fraction which might fairly have appeared in it. The above result is, however, 
sufficiently extraordinary, showing as it does that the radiation of an amount of vapour 
possessing in our tube a tension of less than the thousand millionth of an atmosphere is 
perfectly measurable. It will also be borne in mind that the temperature imparted to 
this infinitesimal quantity of matter did not exceed 0*75 of a Centigrade degree. 

These experiments, which I intend to devclope on a future occasion, seem to give us 
new ideas as to the nature and capabilities of matter. A platinum wire raised to white- 
ness in a vacuum by an electric current, becomes comparatively cold in a second after 
the current lias been interrupted ; yet that wire, while ignited, was the repository of an 
immense amount of mechanical force. What has become of this I It has been conveyed 
away by a substance so attenuated that its very existence must for ever remain an hypo- 
thesis. But here is matter that we can weigh, measure, taste, and smell ; that we can 
reduce to a tenuity, which, though expressible by numbers, defeats the imagination to 
conceive of it. Still we see it competent to arrest and originate quantities of force, 
which on comparison with its own mass are almost infinite, a small fraction of this force 
causing the double needle of the galvanometer to swing through considerable arcs. 
When we find common ponderable matter producing these effects, we have less difficulty 
in investing the luminiferous ether with those mechanical properties which have long 
excited the interest and wonder of all who have reflected upon the circumstances involved 
in the undulatory theory of light. 

In the foregoing experiments dry air was used to warm the vapours, but similar differ- 
ences ought to be exhibited by gases when heated by their own dynamic action. This 
is the case, as the following experiments show : — 

Table VI. — Dynamic Radiation of Gases. 


Name. Radiation. 

Air f 

Oxygq§ 7 

Hydrogen 7 

Carbonic oxide 19 

Carbonic acid 21 

Nitrous oxide 31 

Olefiant gas 63 
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I also satisfied myself of the energetic radiation of the two following gases, which, how- 
ever, were used in irregular quantities. They were admitted into the tube from a large 
bolthead, until a common tension was established between the gas in the tube and the 
gas in the bolthead. * 

Radiation. Absorption. 

O O 

Ammonia 15 in. tension .... 56*5 33‘5 

Sulphurous acid 16 in. tension . . 45 24 

Let us reflect for an instant on the condition of our tube with its £ inch of vapour 
at the moment when the latter has been heated by the entrance of the air. The 
gaseous column is heated throughout to the same temperature ; the elastic condition of 
the luminiferous ether is the same for all the particles, and consequently their periods 
of vibration are all the same. Hence each molecule is in that precise condition which 
enables it to absorb most effectually the undulations emanating from its neighbours. 
The rays from the particles at the end of the tube most distant from the pile have to 
cross a space of nearly 3 feet before they reach the latter, this space being partially 
filled with molecules circumstanced as just described. Hence absorption to a compara- 
tively greater extent must occur ; and indeed we can imagine the tube so long that its 
frontal portion should furnish a vapour screen absolutely opake to the radiation of its 
hinder portion. Comparing ether vapour with olefiant gas, it is, I think, evident that the 
radiant points of the attenuated vapour which depresses the mercury column only 0‘5 of 
an inch, are further apart than those of the gas which depresses the column 30 inches. 
Consequently there is a wider door open for the radiation of the distant’ ether particles 
towards the pile than for the distant particles of olefiant gas. The length of the whole 
column, in fact, might be available for the radiation of the vapour, and a part of it only 
available for the gas. Cut off this unavailable portion from the gas column, and we do 
not injure its efficacy ; but cut off a similar length from the vapour column, and we may 
materially diminish its effect. Speaking generally, by reducing the column of ether and 
that of gas by the same amount, the diminution of radiation will be most sensibly felt 
where the radiant points are furthest asunder. Eeasoning thus, it becomes evident that 
in a long tube the vapour may excel the gas in its amount of radiation, while with a short 
tube the gas may excel the vapour. Let us now test this reasoning by experiment. 

The dynamic radiation of the following four substances has been tabulated thus : — 

O 

Sulphuric ether 64 

Formic ether 68*5 

Acetic ether 70 

Olefiant gas 63 

The action of olefiant gas is therefore smallest when the length of the radiating column 
is 2 feet 9 inches. 

Experiments of the same character were made with a tube 3 inches long, or of the 
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former length, and the following results were obtained : — 


O 

Sulphuric ether 11 

Formic ether 12 

Acetic ether 15 

Olefiant gas 39 


The verification of the above theoretic reasoning is here complete. It is proved that 
in a long tube the dynamic radiation of the vapour exceeds that of olefiant gas , while in a 
short tube the dynamic radiation of the gas far exceeds that of the vapour. 

§ 8 . 

The apparatus with which these experiments were made is capable of very diverse 
uses. Attached to a compression pump, with it the relation between the mechanical 
force expended in compressing a gas and the heat developed might be accurately deter- 
mined. If oxygen, hydrogen, nitrogen, or air were the body compressed, the conversion 
of vis viva into heat might be declared by a modicum of vapour always kept in the tube, 
while a compound gas would tell its own tale. 

Another interesting point might be, and indeed has been settled by the apparatus. 
Some years ago a discussion was carried on between Professors Ciiallis and Stokes on 
Laplace’s correction for the velocity of sound, Professor Challis contending that 
Laplace had no right to his correction, inasmuch as the heat developed by the local 
compression of a mass of air of indefinite extension would be instantly wasted by radi- 
ation. Experiments, he argued, conducted in confined vessels furnish no ground for 
drawing conclusions regarding what occurs in the atmosphere, where the heat developed 
has an indefinite space to lose itself. In our experimental tube, though it is mecha- 
nically closed, indefinite extension, as regards the radiation of heat, is secured in one 
direction, and the means also exist of measuring the flux of heat in this direction. What 
is true for one direction is of course true for all, so that the apparatus will inform us of 
what must occur in the open atmosphere. Now with the most powerful radiating gases 
which I have examined the radiation continues a very sensible time, while the heat 
acquired by air on entering the tube is often a source of inconvenience on account of the 
inability of the air to disperse .its heat by radiation. The question is therefore experi- 
mentally decided in favour of Laplace and his supporter. 

I would here dwell for a moment on this comparative absence of radiating power on 
the part of air, and of the elementary gases generally. The air is the sole source of the 
heat which has warmed the vapours in our experiments on dynamic radiation ; it is related 
to them precisely as a hot polished metal plate is to the coat of varnish which makes it a 
radiator. Ihe air and the metal, both elements or mixtures of elements, are incompeten't 
to impart motion to the luminiferous ether without the intermediation of a second body. 
They possess the motion, but they are so related to the ether that they cannot commu~ 
nicate this motion to it directly , or only in an extremely feeble degree. The atoms of 
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air oscillate, But the ether does not swell. We have here a definite picture before the 
mind’s eye, which, if the theory of an ether be true, is as certain as any conclusion of 
mathematics, and would hardly be rendered more certain if the physical vision were so 
sharpened as to be able to see the oscillating atom and the fluid in which it swings. I 
write thus strongly and definitely lest it should be imagined that I am dealing in vague 
conjectures in connexion with this subject. If I am vague, the mechanical theory of an 
ether must in reality bear the reproach. So far, however, from having a reproach to 
bear, the whole body of facts is in complete harmony with this theory. 

Further, if, as all the facts declare, radiation and absorption are complementary acts, 
the one consisting in communication, the other in reception, and the one being strictly 
proportional to the other, no coincidence in period between the vibrations of a radiating 
body and those of oxygen, hydrogen, or air, could make any one of these substances a 
good absorber. The form of the atom, or some other attribute than its period of oscil- 
lation, must enter into the question of absorption. It is physically incapacitated from 
comm un icating motion, and hence in an equal degree incapacitated from accepting 
motion. The neutrality of elementary gases in the experiments on absorption already 
recorded does not arise from my accidentally choosing a source of heat whose periods do 
not synchronise with those of the gas ; for however they might synchronise, the gas would 
still be a bad absorber. Even when the motion which $ieir own absorbent power does 
not enable them to take up is mechanically imparted, or is communicated to them by 
contact, they are still incompetent to expend it upon the ether, which accepts all vibra- 
tions alike*. 

§ 9. 

Scents and effluvia generally have long excited the attention of observant men, and 
they have formed favourite illustrations regarding the divisibility of matter. Several 
chapters in the works of the celebrated Robert Boyle are devoted to this subject, and 
eminent men in all countries have speculated more or less upon the extraordinary 
tenuity of the matter which is competent to produce sensible effects upon our organs of 
smell. Such a subject would of course in itself form a wide inquiry, which it is quite 
out of my power to develope at present. I think, however, that the apparatus which we 
have thus far made use of enables us to deal with the question in a manner hitherto 
unattainable. 

A number of dry aromatic plants f were obtained from Covent Garden, the leaves and 
flowers of which were stuffed into glass tubes 18 inches long and a quarter of an inch 
in diameter. By means of my second air-pump, a current of dry air was first passed 

* I can hardly imagine the bands in the spectra of metallic compounds to be produced by the vibration 
pf the compound atom. All my experiments show the vast influence of chemical union on the rate of oscil- 
lation ; the metal itself and the compound of that metal could*hardly, in my opinion, oscillate alike. Hence 
I infer that decomposition has occurred when the bright and constant spectral bands aro seen. — June 20th. 

+ I mean “dry’* in the common acceptation of the term. They were not green, but withered ; doubtless,, 
strictly speaking, they contained aqueous vapour. 

MDCCCLXII. M 
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over them for some minutes. They were then connected with the experimental tube, 
which had its sources of heat arranged as already described. The tube was first 
exhausted and the needle brought to 0°, and dry air was then passed over the scented 
herbs until the tube was filled. The consequent deflection was noted, and from it the 
absorbent action of the odorous substance was deduced. 

Thyme thus treated exercised thirty-three times the absorption of the air in which it 
was diffused. 

Peppermint exercised thirty-four times the action of the air. 

Spearmint exercised thirty-eight times the same actiop. 

Lavender produced thirty-two times the action of the air. 

Wormwood fdi-ty-one times the action of the air. 

The following perfumes were obtained from Mr. Atkinson of Bond Street, and examined 
in this manner. Small squares of dried bibulous paper, all of the same size, were rolled 
into cylinders about 2 inches in length ; each of these was moistened by an aromatic oil, 
and introduced into a glass tube between the drying apparatus and the experimental 
tube. The latter being first exhausted, was afterwards filled by a current of dry air 
which had passed over the scented paper. Calling the action of the air which formed 
the vehicle of the perfumes 1, the following absorptions were observed in the respective 
cases : — 

Table VII. 


Name of perfume. 

Absorption. 

Pachouli . . 

. . . . 30 

Sandal Wood . 

/ ... 32 

Geranium . . 

.... 33 

Oil of Cloves . 

.... 33-5 

Otto of lloses . 

.... 36*5 

Bergamot . . 

.... 44 

Neroli . . . 

.... 47 

Lavender . . 

.... 60 

Lemon . . . 

.... 65 

Porti^jal . . 

.... 67 

Thyme . . . 

.... 68 

Rosemary . . 

.... '74 

Oil of Laurel . 

.... 80 

Cassia . . . 

.... 109 


It .would be interesting to examine the absolute weights of the substances which pro- 
duced these effects; but this I suppose is a task which chemistry is unable to accom-* 
plish. In comparison with the air which carried the odours into the tube, their weight 
must be almost infinitely small. §till we find that the least energetic in the list has 
thirty times the effect of the air, while the most energetic produces 109 times the same 
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effect. As regards the absorption of radiant heat, the perfume of a flower-bed may be 
more efficacious than the entire oxygen and nitrogen of the atmosphere above it. 

After each scent had been introduced a stream of dry air was admitted at one end of the 
tube, while the pump was worked in connexion with the other. The perfume was thus 
cleared out until the needle returned to 0°. This was often a long operation, the odours 
clung with such tenacity to the apparatus. After the zero had been attained in 'the 
case .of a strong perfume, a few minutes’ rest of the pump sufficed to bring th^ scent from 
its hiding-places in the crevices and cocks of the apparatus, and almost to restore the 
original deflection. The quantity of those residues must be left to the imagination to 
conceive. If they were multiplied by billions they probably would not reach the density 
of the air. 

Fearing that the more active perfumes might possibly prejudice the action of the 
more feeble ones which succeeded them, I made a series of experiments with the follow- 
ing essences, and obtained the results recorded : — 

Camomile flowers . . . . 87 

Spikenard 355 

Aniseed 372 

After this enormous effect I repeated the experiment with bergamot, and found its 
action to be exactly the same as that recorded in the Table. 

I made a few experiments on musk, but obtained different results with it at different 
times. On the 16th of October I obtained some fresh musk from the perfumer’s, placed 
it in a small glass tube, and carried dry air over it into the experimental tube. The 
first experiment gave me an absorption of 

74, 

the air which carried the perfume- being unity. A second experiment, in which the air 
was admitted more quickly, the absorption was . 

• • • 72. • ■ 

It would be idle to speculate upon the quantity of matter which produced this result. 
The stories regarding the unwasting qliavacfer .of this substance are well known ; suffice 
it to say, that a quantity of its odour cjirrjed intp the tube by a current of air of a minute’s 
duration, produced an effect seveqty-Jwo tipic§ that of the air which carried it. Long- 
continued pumping failed to cleanse the tube and passages of the musk. It cannot be 
volatile, for an amount of ether vapour which produces a far greater action is speedily 
cleared away, while the cocks and connecting pieces of the air-pump had to be boiled 
in a solution of soda before they were fit for use after the experiments with this sub- 
stance. 

Two perfectly concurrent experiments with ordinary cinnamon, in which fragments 
of the substance were placed in a tube and had dry air passed over them, gave an 
absorption of 


63 . 
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Several kinds of tea, treated in the same manner, produced absorptions which varied 
between 20 and 28. 

In 'the teas, c innam on, musk, and the odorous plants already referred to, dry air had 
been passed over them for some time before they were examined. Still a small amount 
of aqueous vapour may have entered with the odours, and thus rendered the results to 
sonie extent of a mixed character. 


§ 10. Ozone. 

In my last memoir I alluded briefly to the action of ozone ; but the experiments then 
made haying been executed with a brass tube, I was very desirous of repeating them 
with a tube which could not be attacked by this extraordinary substance. Experiments 
with the glass tube, performed on the 16th, 17th, and 18th of last July, satisfied me that 
I had not over-estimated its power as an absorber of radiant heat. 

In my first experiments I made use of large electrodes for the purpose of lessening 
the resistance to the passage of the current through the decomposing liquid. The 
oxygen thus obtained differed but little from ordinary oxygen. 

This year I had three decomposing vessels constructed : in the first (No. 1) the pla- 
tinum plates had about four square inches of surface, being rolled up to economise 
space ; the plates of the second (No. 2) had two square inches of surface, while those of 
the third (No. 3) had only a square inch of surface each. Numerous experiments with 
these gave me the following constant results. Calling the absorption of ordinary 
oxygen 1, — 

Electrolytic Oxygen. 

• * 

From plates Absorption. 

No. 1 20 

No. 2 34 

No. 3 47 

A series of experiments made on the following day gave these results : — 

No. 1 21 

No. II 36 

No. Ill 47 

♦ 

I now cut away a portion of the plates of No. II. so as to make them smaller than 
those of No. III. The oxygen obtained with these plates gave an absorption of 

66 , 

thus exceeding No. III. considerably. The plates of No. III. were now reduced so as 
to make them smallest of all ; the oxygen which they delivered gave an absorption of 

86 . 

I feared the development of heat jrith these smallest plates, and knowing heat to be 
very destructive of ozone, I surrounded the apparatus by a mixture of pounded ice and 
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salt. The absorption of the oxygen thus obtained with the smallest plates amounted to 

136. 

By the results already recorded we have been prepared for the effect of minute Quan- 
tities of matter ; otherwise we could not fail to be struck with astonishment on finding 
a quantity of this substance, which would elude all attempts on the part of the chemist 
to determine its amount, producing an effect so stupendous in comparison with common 
oxygen. I have, moreover, strong reason to believe that I understate considerably the 
effect of the ozone. The experiments exhibit in an extremely striking manner the great 
influence of the density of the current at the place where the oxygen is liberated on the 
amount of ozone developed. 


§ 11 . 

All the results here recorded had been obtained, when, turning to De la Rive’s excel- 
lent treatise on Electricity, I found an allusion to the experiments of M. Meidinger on 
ozone. I had never previously heard any allusion made to this investigation, and was 
gratified to find in it the record of a very interesting piece of work. 

M. Meidinger commences by showing the absence of agreement between theory and 
experiment in the decomposition of water, the difference showing itself very decidedly 
in a deficiency of oxygen when the current was strong. On heating his electrolyte, he 
found that this difference disappeared, the proper quantity of oxygen being liberated. 
He at once surmised that the defect of oxygen might be due to the formation of ozone ; 
but in what way was still to be determined. If it were due to the great density of 
ozone in the tube which received the oxygen, the destruction of this substance by heat 
would restore the oxygen to its true volume. Strong heating, however, which destroyed 
the ozone, showed in repeated measurements no alteratioif of volume, hence M. Meidinger 
concluded that the defect which he had observed was not due to the ozone mixed with 
the oxygen itself. He finally concluded, and justified his conclusion by satisfactory expe- 
riments, that the loss of oxygen was caused by the formation of peroxide of hydrogen 
which was dissolved in the liquid, and thus withdrawn from the electrolytic gas. He 
was further led to experiment with electrodes of different sizes, and found the loss of 
oxygen much more considerable when a small electrode was used thatl with a large one ; 
whence he inferred that the formation of ozone was facilitated by augmenting the density 
of the current at the place where electrodie and electrolyte meet. Nothing could be more 
different from the method pursued by M. Meidinger than that by which I arrived at 
the same conclusion; and though I had no doubt of the accuracy of my experiments, it 
was pleasant to find them corroborated in such a remarkable and unexpected way. I 
may add, that since the perusal of M. Meidinger’s paper I have repeated his experiments 
with my decomposition cells, and find that those which gave me the greatest absorption 
also show tiie greatest deficiency in the amount of oxygen liberated*. 

* I have recently learned that M. Dn la Rive was the first to observe the influence of the size of the 
electrodes on the development of ozone. 
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The quantities of ozone with which I have operated must be perfectly unmeasurable 
by ordinary means. The action of the substance is like that of olefiant gas, or boracic 
ethe#— bulk for bulk it might transcend either. No elementary gas that I have 
examined behaves at all like ozone. In its swing through the ether it must powerfully 
disturb the medium. If it be oxygen, it must be oxygen packed into groups of atoms, 
which encounter vast resistance in moving through the ether. I sought to decide the 
question whether it is oxygen or a compound of hydrogen in the following way. Heat 
destroys ozone. If it were oxygen only, heat would convert it into the common gas ; it 
it were the hydrogen compound which some chemists consider it to be, heat would convert 
it into oxygen plus aqueous vapour. The gas alone admitted into my tube would give 
the neutfal action of oxygen, but the gas plus the aqueous vapour I hoped might give 
a sensibly greater action. I caused the dry electrolytic gas to pass through a glass tube 
heated to redness direct into the experimental tube. I afterwards introduced a drying- 
tube between the place where the gas was heated and the experimental tube. Hitherto 
I have not been able to establish with certainty a difference between the dried and 
undried gas. Previously to heating, the electrolytic oxygen had been scrupulously dried ; 
if the act of heating developed aqueous vapour, I can only say that the experimental 
means which I have employed are unable to detect it. For the present, therefore, I hold 
the belief that ozone is produced by the packing of the atoms of elementary oxygen into 
oscillating groups ; and that heating dissolves the bond of union and allows the atoms 
to swing singly, thus disqualifying them for either intercepting or generating the motion, 
which as systems they were competent to intercept and generate. 

§ 12 . 

Since these researches were <£>mmenccd, an eminent experimenter has been led by his 
own inquiries in another field to enter upon the investigation of gaseous diathermancy. 
On the 7th of February of the present year (1861), Professor Magnus communicated to 
the Academy of Sciences in Berlin a memoir on the Transmission of Heat through Gases*. 
The published notices of my experiments, commencing in May 1859, had escaped his 
attention, and his work is therefore to be regarded as independent of mine. Considering 
the very different ^methods which we have pursued, the general agreement between us 
must be regarded as remarkable. 

The starting-point of Professor Magnus’^ investigation was the interesting experiment 
of Mr. Grove, in which a platinum wire raised to whiteness by an electric current is 
suddenly cooled by an atmosphere of hydrogen. This action, which we have hitherto 
been disposed to attribute to the mobility of hydrogen, and its consequent high con- 
vective power, Professor Magnus was led to regard as an effect of conduction ; and the 
thought induced him to examine the conductibility of gases generally. The mode of 
experiment adopted led him, not I think to the establishment of gaseous conductivity, 
but to results substantially the same as those that I had previously obtained. In fact 
* PoooEXDOBFr’a ‘ Annalen,’ reprinted in Philosophical Magazine, S. 4. vol. xxii. p. 85. 
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the very experiments devised to show conductivity showed in a very striking manner 
the existence of athermancy, or opacity to radiant heat, in the case of a considerable 
number of gases. 

The experiments on radiation, where obscure heat was made use of, were thus con- 
ducted. Two glass vessels, one much larger than the other, had their bottoms fused 
together ; the larger one being turned upside down, the smaller one stood upright on 
the top of it. The mouth of the larger vessel was ground down, so that it could be 
placed like an ordinary receiver on the plate of an*air-pump and exhausted, while through 
proper openings different gases could be afterwards admitted into it. 

To the plate of the air-pump on which the above vessel was placed, was attached a 
thermo-electric pile with wires leading from it, through the plate, to a galvanometer ; 
the axis of the pile was vertical, one face of it being turned downwards towards the 
plate, and the opposite face turned upwards towards the common surface of the two 
vessels which had been fused together. 

Water was placed in the uppermost vessel, and caused to boil by conducting hot steam 
through it. Its under surface became thus heated to a temperature of 100° C. But 
this under surface constituted the upper surface of the vessel underneath. This latter, 
therefore, possessed a temperature of 100° C. ; and it formed the source of heat made 
use of in the experiments. • - 

Here Professor Magnus had a radiating surface of glass — a good radiator — kept at 
a constant temperature by the hot water above it ; at a distance from this surface and 
turned towards it was the thermo-electric pile, defended from the radiation of the 
surface, or exposed to it, at pleasure, by the action of a moveable screen. The entire 
space between the pile and the radiating surface could either be rendered a vacuum, 
offering no resistance to the passage of the calorific rays* or else be filled by a gas the 
diathermancy of which was to be examined. 

The concurrence of the experiments made with this apparatus and those made with 
mine is, as I have stated, remarkable. Some differences, however, exist between my 
friend and myself, a few remarks on which will not be without their use to those who 
may afterwards enter upon this extensive field of inquiry. 

Experimenting in the ordinary way w T ith his thermo-electric pile-fusing one of its 
faces only — Professor Magnus finds that air and oxygen cut off each more than 11 per 
cent, of the heat emanating from his source, while hydrogen cuts off more than 14 per 
cent.* I, on the contrary, with the most delicate means I could apply, failed to esta- 
blish the absorption of these gases by experiments made in, the ordinary mannerf . In 
fact it was their neutrality that drove me to devise the principle of compensation, briefly 
referred to at the commencement of this memoir. I was so particular in the experiments 
which led me to the above negative result, that if the absorption amounted to one-tenth 
of that found by Professor Magnus I do not think it could have escaped me. Nor do 
I think that if such an action existed Melloni could have concluded that the absorption 
* Page 80, * t Philosophical Transactions, 1861. 
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of a column of air fifteen times the length of that employed by Professor Magnus was 
absolutely insensible. 

In the account of the experiments already published, where my source of heat was 
also 100° C., I have set down the absorption of air, oxygen, and hydrogen at about 0*33 
per cent. ; which is for air and oxygen thirty times, and for hydrogen over forty times 
less than that found by Professor Magnus. 

In fixing the above figure for the absorption of these gases, I protected myself by 
assigning what I knew to be the superior limit of the effect, but I was morally certain 
at the time, that as soon as I could combine sufficient power and delicacy I should make 
the effect less. This I have done in my present inquiry, and find the absorption of the 
above gases to be under 0T per cent., which in the case of oxygen is less than Youth, 
and in the case of hydrogen less than °f the effect obtained by Professor Magnus 

with a tube less than half the length of mine. Making every allowance for the differ- 
ence between our two sources of heat, the discrepancy between us is still enormous. In 
fact my conclusion is that these gases are practical vacua to radiant heat, and that the 
mixture of oxygen and nitrogen which constitutes the body of our atmosphere is the 
same. 

While, however, in the case of the elementary gases the discrepancy between Professor 
Magnus and myself consists in a defect on my part, or An excess on his, with the 
powerful gases I obtained a considerably stronger action than he does. Thus with 
olefiant gas his absorption amounts to less than 54 per cent., whereas in mine it amounts 
to more than 72. This last result is what might only be expected, inasmuch as the 
length of gas traversed by the radiant heat was in the one case a little under 15 inches, 
and in the other 33. 

Professor Magnus has furthc* published an account of experiments in which a powerful 
gas-flame surrounded by a glass cylinder furnished the source of heat ; the latter being 
augmented by a parabolic mirror of polished metal, placed behind the lamp. In this 
case the gases were enclosed in a glass tube 1 metre long and 35 millims. in diameter, 
the two ends of which were stopped with plates of glass 4 millimetres thick. 

Two series of experiments were executed with this tube, in one of which the interior 
surface was covered with black paper, while in the other the glass was uncovered within. 
The former method is that pursued by Dr. Fbanz, and the result obtained by Professor 
Magnus in the case of atmospheric air and oxygen closely agrees with that obtained for 
the same gases by Dr. Fbanz. Professor Magnus makes the absorption in the case of 
the blackened tube about 2^, and Dr. Fbanz about 3 per cent, for air and oxygen. 

In the case of the unblackened tube, however, the absorption was found to be much 
more considerable. Here the absorption by air and oxygen amounted to 14*75 per cent., 
and with hydrogen it reached 16 ’23. This great difference between the unblackened 
and the blackened tube is ascribed by Professor Magnus to a change of quality which 
the heat undergoes by its reflexion from the interior glass surface. 

One of my motives in introducing a glass tube into the prdlent inquiry was, that I 
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might be enabled to investigate the interesting question raised by this surmise of Pro- 
fessor Magnus. I have failed, however, to obtain his result. My naked glass tube, which 
is nearly of the same length as his, gives me a result which is more than 140 times less 
than his in the case of air and oxygen, and more than 160 times less than what he has 
obtained with hydrogen. Our sources of heat are, it is true, different, but the disad- 
vantage is on my side ; for assuredly the rays from a gas-jet are, if anything, less affected 
by the transparent elementary gases than those from my source. Had I time, I would 
repeat the experiments with a flame ; but this,* I regret to say, is out of my power at 
present. 

Another difference between Professor Magnus and myself has reference to the influence 
of aqueous vapour. With both the gas-flame and the boiling water as sources of heat, 
he finds the effect of dry air to be precisely the same as that of air which he has allowed 
to pass in minute bubbles through water, and thus saturated with aqueous vapour.. 

I was engaged in experiments on this substance when my other duties compelled me 
to close this inquiry for a time. I believe, however, I may safely say, that not only is the 
action of aqueous vapour on radiant heat measurable, but this action may he made use 
of as a measure of atmospheric moisture, the tube used in my experiments being thus con- 
verted into a hygrometer of surpassing delicacy. Unhappily, as in other cases touched 
upon in, this memoir, I have been unable to give this subject the development I could 
wish ; but the results which I am in a position to record are nevertheless interesting. 

On a great number of occasions I compared the air sent in directly from the labo- 
ratory into the experimental tube with the same air after it had been passed through 
the drying apparatus. Calling the action of the dry air unity, or supposing it rather to 
oscillate about unity (for the temperature of my source varied a little from day to day), 
on the following days the annexed absorptions were observed with the undried air of the 
laboratory : — 


Absorptions by undried air. 


October 23rd . . . 

. . 63 

October 24th . . . 

. . 62 

October 29th ... 

. . 65 

October 31st .... 

. . 56 

November 1st . . . 

. . 50 

November 4th . . . 

. . 58 

November 8th . . . 

. . 49 

November 12th . . . 

. . 62 


Nearly -j^ths of the above effects are due to aqueous vapour ; which, therefore, in 
some instances exerted nearly sixty times the action of the air in which it was diffused. 

The experiments which I have made on aqueous vapour have been very numerous and 
varied. Differing as I did from so cautious and able an experimenter, I deemed it due 
to Professor Magnus and myself to spare no pains in securing myself against error. I 

MPCCCLXII. N 
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have experimented with air moistened in various ways, sometimes by allowing small 
bubbles of it to ascend through water, sometimes dividing it by sending it through the 
pores of common cane immersed in water. Between the drying apparatus and the 
experimental tube I have introduced tubes containing fragments of glass moistened 
with water, and allowed the air to pass over them ; large effects were in all such cases 
obtained, the absorption being usually more than eighty times that of dried air. Frag- 
ments of unwetted glass, which had been merely exposed to the air of the laboratory, 
had dry air led over them into the experimental tube ; the absorption was fifteen times 
that of dried air. A roll of bibulous paper, taken from one of the drawers of the labo- 
ratory, and to all appearance perfectly dry, was enclosed in a glass tube, and dry air 
carried between its leaves. The experiment was made five times in succession with the 
same paper, and the following absorptions were observed : — 



Absorption. 

No. 1 . . 

... 72 

No. 2 . . 

. ... 62 

No. 3 

. ... 62 

No. 4 . . 

. ... 47 

No. 5 . . , 

....•47 


In fact, the action of aqueous vapour is exactly such as might be expected from the 
vapour of a liquid which Melloni found to be the most powerful absorber of radiant 
heat of all he had examined. 

Every morning, on commencing my experiments, I had an interesting example of the 
power of glass to gather a film of aqueous vapour on its surface. Suppose the tube 
mounted, and the air of the laboratory removed as far as the air-pump was capable of 
removing it. On allowing dry air to enter for the first time, the needle would move 
from 0° to 60°. On pumping out it would return to 0°, and on letting in dry air a second 
time it would swing almost to 40°. Repeated exhaustions would cause this action to 
sink almost to nothing. These results were entirely due to the vapour collected during 
the night in an invisible film on the inner surface of the tube, and which was removed 
by the air on entering, and diffused through the tube. If the dry air entered at the 
end of the tube nearest to the source of heat, on the first and second admissions, and 
sometimes even on a third, the vapour carried from the warm end to the cold end of the 
tube was precipitated as a mist upon the latter, for a distance sometimes of nearly a foot. 
The mist always disappeared on pumping out. It is needless to remark that facts of this 
character, of which I could cite many, were not calculated to promote incautiousness or 
rashness on my part. I saw very clearly how easy it was to fall into the gravest errors, 
and I took due precautions to prevent myself from doing so. 

Knowing that a solution of salt was almost as opake to radiant heat as water itself, 
I was careful to examine whether the effects which I had observed with aqueous vapour 
might not be due to the precipitation of the vapour on the surfaces of the plates of 



■RADIATION OF HEAT BY GASEOUS MATTER. 


91 


salt used to stop my tube. The substance is well known to be very hygroscopic, and 
during the last three years the knowledge of this fact has rendered me careful to remove 
my polished plates every evening from the apparatus, and to keep them in perfectly dry 
air. Still, when it is remembered that the air on entering the tube is raised in tempe- 
rature, and thus enabled to maintain a greater amount of vapour, and that the tube and 
plates of rock-salt form the channel for a flux of heat from the radiating source, the 
likelihood of precipitation occurring will seem but small. On examining the plates 
after the undried air of the laboratory was experimented with, no trace of precipitated 
moisture was observed upon their surfaces. 

But to place the matter beyond all doubt, I abolished the plates of rock-salt altoge- 
ther, and operated thus : — An india-rubber bag (B) was filled with air, and to its nozzle 
a T-picce, with the cocks Q Q', was attached. The cock Q' was connected with two 
tubes, U' U', each of which was filled with fragments of glass moistened with distilled 
water. The cock Q was connected with the tubes U U, each of which was filled with 
fragments of glass moistened by sulphuric acid. The other ends of these two series of 
tubes were connected with the cocks O O', and from the T-piece between these cocks 



a tube led to the end E' of the open experimental tube T. The cock A at the other 
end of the experimental tube was placed in connexion with an air* pump. The pile P, # 

n 2 
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the screen S, and the compensating cube C' were used as in the other experiments. E 
is the end of the front chamber, and C the source of heat. In some experiments I 
had the end E closed by a plate of rock-salt, in others it was allowed to remain open ; 
a distance of about 12 inches intervening between the radiating surface and the open 
end E' of the experimental tube. 

Closing the cocks Q and O, and opening Q' and O', gentle pressure being applied to 
the bag B, a current of moist air was slowly discharged at the end E' of the experi- 
mental tube. The pump in connexion with A was then worked, and thus by degrees 
when the air was sucked into the tube T. The deflection of the galvanometer was 30°, 
the moist moist air Ailed the tube as completely as the arrangement permitted*; this 
deflection being due to the predominance of the compensating cube over the radiating 
source C. 

The cocks Q' and O' were now closed, and Q and O opened ; proceeding as before, a 
current of dry air was discharged at E', and this air was drawn into the tube T in the 
manner just described. The moist air was thus displaced by dry; and, while the dis- 
placement was going on, the galvanometer was observed through the distant telescope. 
The needle soon commenced to sink, and slowly went down to zero ; proving that a 
greater quantity of heat passed through the dry than through the moist air. The wet 
air was substituted for the dry, and the dry for the wet twenty times in succession, with 
the same constant result ; the entrance of the humid air caused the needle to move from 
0° to 30°, while the entrance of dry air caused it to fall from 30° to 0°. The air-pump 
was resorted to, because I found that when I attempted to displace the air by the direct 
force of the current from B, the temperature of the pile, or of the source, was so affected 
by the fresh air as to confuse the result. I may remark, that not only have I operated 
thus for days with aqueous vapour, but every result which I have obtained with vapours 
generally has been thus confirmed, so that all doubt as to the applicability of the rock- 
salt plates to researches of this nature may, I think, be abandoned f. 

$ 13. 

Whence, then, arise those differences between Professor Magnus and myself? I have 
no doubt that every one of his published results is the record of an experiment made 
with the utmost care which it is possible to bestow upon scientific work. The differences 
between us are, I imagine, to be referred to a radical defect in his apparatus. His desire 
was to do away with plates of all kinds between his source of heat and his pile, and 
hence he brought his gas into direct contact with his source of heat. The same thought 
had occurred to myself, and I was on the point of falling into the same error; but a 
series of experiments executed with reference to this point so early as the 26th of July, 
1859, showed me that the accuracy of the results was entirely compromised by bringing 

• Still, of course, only partially. 

f It is sheer want of time that prevents me from describing more particularly the numerous experiments 
executed with open tubes. 
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the gas to be examined into contact with the source. I obtained thus an action forty 
times what I knew it ought to be, and was confirmed in the view which caused me to 
interpose a vacuous chamber in front of the experimental tube. Let me here record a 
few experiments made on the 4th of last November in connexion with this subject. 

I first satisfied myself that the drying apparatus was in perfect condition, the air of 
the laboratory producing, when sent through it, an absorption of 1. This same air was 
sent into the front chamber, that is, into direct contact with the source. The galvano- 
meter needle moved as it does in the case of absorbent gases, and at the end of two 
minutes declared a loss of heat equivalent to an absorption of 50. The front chamber 
is 8 inches in length ; the experimental tube is 33 inches long ; hence a column of 
8 inches, in contact with the radiating surface, produced at least fifty times the effect of 
a column more than four times as long when the air was separated from the radiating 
surface. 

I made the foregoing experiment three times in succession, and after two minutes 
found the needle pointing to precisely the same degree ; the lowering of the source was 
perfectly constant and regular, and in all cases showed a loss equivalent to an absorp- 
tion of 50. 

It will be remembered that Professor Magnus obtained a greater absorption with 
hydrogen than with either oxygen or air. This result is perfectly explained by refer- 
ence to the quicker convection of this gas. I operated with hydrogen as I did with air, 
first satisfying myself that a column of it 33 inches long exercised an absorption less 
than unity. In fact it could not be measured. The same hydrogen introduced into the 
first chamber, and allowed to remain there for two minutes, caused a withdrawal of heat 
from the source equivalent to an absorption of 

65. 

Now the absorption of air in Professor Magnus’s experiments is to that of hydrogen as 

11*12 : 14-21, 

or as 50 : 64, 

while my results of convection are as 50 : 65. 

The coincidence is so perfect that I am disposed to regard it as in part accidental. 

Substantially the same remarks apply to the experiments with the glass tube stopped 
with plates of glass 4 millimetres thick. According to Melloni, 61 per cent, of the rays 
of a Locatelli lamp are absorbed by a plate of glass only 2-6 millimetres thick. Pro- 
fessor Magnus surrounded his flame by a glass cylinder, and this, it may be urged, par- 
tially sifted the heat of the lamp before it reached the end of the tube. • But in so doing 
the glass cylinder itself must become intensely heated, and to the heat of the cylinder 
the glass ends of the tube would be opaJce. They would absorb it all. Cold air admitted 
into such a tube is exactly similar to cold air let into my front chamber, it chills what 
is in part the source of heat, and maintains that chill by convection. The heat applied 
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may, in fact, be thus analysed. 1. We have a portion, almost wholly luminous, which 
went through the tube direct to the pile ; 2, a portion arrested by the first glass plate ; 
3, a smaller portion arrested by the second glass plate ; 4, we have the heat radiated by 
the first glass plate towards the second, and wholly absorbed by the latter ; 5, we have 
the heat radiated by this latter against the pile. This analysis will probably enable us 
to understand how Professor Magnus obtained an absorption of only per cent, with 
the blackened tube, and as much as 14 , 75 per cent, with the unblackened one. With 
the latter, the source, and the plate of glass nearest the source, send a copious flux down 
the tube to the plate at the opposite end ; the oblique rays are in great part reflected by 
the interior surface, and thus reach the plate adjacent to the pile. With the blackened 
tube this oblique radiation is entirely cut oft', the rays incident on the interior surface 
being absorbed. Thus the plate of glass adjacent to the pile must be much more 
intensely heated with the unblackened tube than with the blackened one. The differ- 
ence in the amount of heat received by the pile-end plate in the respective cases is ren- 
dered very manifest by the experiments of Professor Magnus himself, for he finds that 
with the same source, twenty-six times the amount of heat transmitted by the coated 
tube is transmitted by the uncoated one. What, therefore, Professor Magnus ascribes 
to a change of quality by reflexion, would, if I am correct, be due to the higher heating 
in the case of the naked tube, and consequent greater chilling by the cold air , of the 
plate of glass close to the pile. To this must be added the effect produced by cooling 
the distant end of the tube itself, to which heat has been communicated from the first 
glass plate by the process of conduction, and the cooling of which comes most into play 
when the tube is uncovered. 

The difference between Professor Magnus and myself as regards the action of aqueous 
vapour admits now of easy explanation. His effect being one of convection, and not of 
absorption, the quantity of vapour present in his experiments — probably not more than 
1 per cent, of the volume of the gas, certainly not 2 per cent. — vanished as a convecting 
agent, in comparison with the air. 

It is hardly necessary to repeat these reflections with reference to the experiments of 
Dr. Franz. The taking of the chilling of his plates for absorption, has caused him to find 
no difference of effect when he doubled the length of his tube. With a tube 460 milli- 
metres long, he finds precisely the same absorption as with a tube of 900. He finds the 
action of carbonic acid to be the same as that of air, although at atmospheric tensions 
the action of the former is 90 times that of the latter *. He finds the vapour of bro- 
mine more destructive to radiant heat than nitrous acid gas, whereas the latter is beyond 
comparison the most destructive. The heat rendered latent by the evaporation of the 

* The sensible equality of all the transparent gases and air was regarded as evident by Dr. Fbawz. “ It 
might be seen,” he writes, “ from the outset that no decided difference would be observed between them ” 
(p. 842). Similarly, Professor Magkvs, speaking of aqueous vapour, writeB, “Although it might be fore- 
seen with certainty that the small amount of aqueous vapour in the air could have no influence on the radi- 
ation,” Ac. (p. 43). 
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bromine of course augmented the chill, and thus magnified the effect which in reality 
he was measuring. In reference to heating the glass plates by the flame, made use of 
in his experiments, I will cite a single passage from the memoir of Dr. Franz. It refers 
to the vapour of iodine produced by throwing the substance on a heated surface in a 
vessel closed with glass plates. “ The mirror,” he writes, “ showed a deflection of only 
178. But as the glass plates through which the heat radiated had not yet assumed a 
temperature high enough to reduce the iodine, which had been precipitated upon them 

in crystals, to a state of vapour it was necessary to wait, and allow the radiation 

of the lamp to continue till all the iodine was driven from the bottle This shows 
how much the glass plates could be heated by the radiation of the lamp ; this heat on a 
particular occasion being sufficient to dissipate the solid iodine which had coated the 
glass plates. 

4 14. 

As a dam built across a river causes a local deepening of the stream, so our atmo- 
sphere, thrown as a dam across the terrestrial rays, produces a local heightening of the 
temperature at the earth’s surface. This, of course, does not imply indefinite accumu- 
lation any more than the river dam does, the quantity lost by terrestrial radiation being, 
finally, equal to the quantity received from the sun. The chief intercepting substance 
is the aqueous vapour of the atmdsphere f, the oxygen and nitrogen of which the great 
mass of the atmosphere is composed being sensibly transparent to the calorific rays. 
Were the atmosphere cleansed of its vapour, the temperature of space would be directly 
open to us; and could we under present circumstances reach an elevation where the 
amount of that vapour is insensible, we might determine the temperature of space by 
direct experiment. Colonel Strachey has written an admirable paper on the aqueous 
vapour of the atmosphere $, in which he shows that the amount of vapour diminishes 
much more speedily with the elevation than might be inferred from the law of 
Dalton. 

It might be possible to reach a height where, by preserving one face of a thermo- 
electric pile at the temperature of the locality, the other, protected from all terrestrial 
radiation, turned to the zenith, would assume the temperature of space in that direc- 
tion §, while the consequent galvanometric deflection would give us the means of deter- 
mining the difference in temperature between the two faces of the pile. Knowing one, 
we should therefore be able to determine the other ; knowing the temperature of the 

locality, we could infer from it the temperature of stellar space. Many eminent writers, 

* 

• “ Es musste bei fortdauemder Strahlung der Lampo der Zeitpunct abgewartet werden.” 
t The mildness of an island climate must be in part due to this cause. The direct tendency of the vapour 
is to check sudden fluctuations of temperature. Where it is absent, as at the surface of the moon, such 
fluctuations must be enormous. The face turned towards the sun drinks in the solar rays without let or 
hindrance, while the radiation of the face turned from the sun pours unchecked into space, 
t Proceedings of the Royal Society, vol. zi. p. 182 . 

§ A well of cold air would be formed within the reflector, the lowest stratum of the well sharing the 
temperature of the face of the pile. 
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it is true, have supposed the upper atmospheric regions to be colder than space, the 
depression of temperature being due to the radiation of the aerial particles, just as a 
grass-blade is lowered, by its radiation, below the air which surrounds it. This notion 
must, I think, be abandoned ; for, as far as experiment goes, it leads us to conclude 
that air, and particularly air in the higher atmospheric regions, behaves as a vacuum 
both as regards radiation and absorption. 


§ 15 . 

In his paper on the conduction of heat by gases, Professor Magnus examines the 
question of convection, and has adduced some striking experiments to show that the 
cooling of an incandescent wire in hydrogen is not due to the convection of the gas. 
He finds that when the wire is enclosed in a narrow tube, with only a thin film of the 
gas surrounding it, and where therefore currents, in the ordinary sense, are hard to be 
conceived of, the gas still exercises its cooling power. It had often occurred to me to 
make this experiment; and when I first heard of its successful performance by Professor 
Magnus I adopted his conclusion, that the cooling was due to conduction. 

Reflection, however, caused me to change my opinion. Suppose the wire to be 
stretched along the axis of a wide cylinder containing hydrogen, we should have con- 
vection, in the ordinary sense, on heating the wire. Where does the heat thus dispersed 
ultimately go ? It is manifestly given up to the sides of the cylinder. The transfer by 
convection is a transfer ultimately to the sides of the cylinder, and if we narrow our 
cylinder we simply hasten the transfer. The process of narrowing may continue till a 
tube like that used by Professor Magnus is the result ; the convection between centre 
and sides will still continue, and produce the same cooling effect as before. Whether 
we assume conduction or convection, the tube surrounding the wire must be supposed 
to possess sufficient conducting power to carry the heat off, otherwise it would become 
incandescent itself by the accumulation of the heat. 

The reasoning of Professor Magnus in connexion with this subject is of extreme inge- 
nuity. He contends that there is no reason why stronger currents should establish 
themselves in hydrogen than in other gases. Currents are due to differences of density 
produced by the expansion of a portion of the gas by heat. Now hydrogen actually 
expands less than other gases, and hence the differential action on which the currents 
depend is less in this gas than in the others. Professor Magnus alludes to the friction 
of the particles against each other, but considers this ineffective. . 

This reasoning leads us to the threshold of a question which might form the subject 
of a long and profitable investigation. For a given difference of density, is not the 
mobility of hydrogen greater than that of the other gases 1 The experiments above 
recorded, where different gases were brought into direct contact with the source of heat, 
seem to answer this question in the affirmative. I have had no time to pursue the 
question regarding hydrogen ; but I have made a few experiments, which* show the 
influence of density on the mobility of a gas in a very striking manner. 
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Having first so purified atmospheric air as to render it sensibly neutral to radiant 
heat, I allowed 15 inches of it to enter the front chamber F, and there to come into 
contact with the source of heat. Convection of course immediately set in, and its 
amount was accurately measured by the quantity of heat withdrawn from the rad^iting 
surface ; this quantity, expressed in the units adopted throughout this memoir, was 

62. 

The quantity of gas in the front chamber was now doubled, that is, it now had an 
atmosphere of tension ; the withdrawal of heat then was expressed by the number 

68 . 

In the last experiment we had double the number of atoms loading themselves with heat 
and carrying it away ; if their motion had been as quick as that of the atoms when half 
an atmosphere was used, they would have withdrawn sensibly double the amount of heat ; 
but the fact is that half an atmosphere carried off 64, while a whole atmosphere carried 
off 68 ; hence the absolute swiftness of the atoms in the case of the denser air must be 
very much less than in the case of the rarer. In fact, the amount of heat withdrawn 
will be proportional on the one hand to the number of carrying particles, and on the 
other to the velocity with which they move ; hence if v and v' be these velocities, we have 

62 v v 62 

68 = 2?’ OT v ,== 34' 

Thus, while the atoms of the rarer gas travel 62 units in a second, those of the denser 
gas travel only 34. 

This retardation can, I think, arise from nothing else than the resistance offered by 
the particles of the air to the motion of their fellowg. It must be borne in mind that 
the smallness of the increment observed on doubling the amount of gas was not due to 
the partial exhaustion of the source by the first quantity of gas. The heat of the 
source was such that the withdrawal of 64 of our units could not sensibly affect the sub- 
sequent convection. 

Here, then, we see what a powerful effect density, or the internal resistance which 
accompanies density, has on the mobility of a gas ; and there is every reason to suppose 
that the mobility of hydrogen is due to the comparative absence, in its case, of internal 
resistance. However this may be, the foregoing experiment enables us to draw some 
important inferences. 

Storms at great heights must be greatly facilitated by the mobility of the particles of 
the air. In fact storms arc cases of convection on a large scale, and in our front cham- 
ber we had one in miniature. With the same difference of temperature on the summit 
of Mont Blanc, the motion of convection would be very nearly twice as great as at the 
sea-level. 

♦ 

In the summer of 1859 I was fortunate enough to induce my friend Professor 
Frankland to accompany me to the summit of Mont Blanc, and to determine the com- 
parative rates of combustion there and in the valley of Chamouni. Six candles were 
mdccclxii. o 
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purchased, burnt for an hour at Chamouni, and the loss of weight determined. The 
same candles were lighted for the same time on the summit of the mountain, and the 
consumption determined. Within the limits of error, the consumption above was equal 
to tl^at below. The light below was immensely greater than that above, still the amount 
of stearine consumed in the two cases was sensibly the same. Professor Frankland 
surmised this to be due to the greater mobility of the ^rarefied air, which allowed a freer 
interpenetration of the flame by the oxygen *, and the foregoing experiments show that 
the augmentation of mobility is just such as would account for the observed effect. 

* The influence of interpenetration is well seen in the exposed gas-jets of London, particularly in the 
butchers’ shops on a Saturday night. A gust of wind, which carries oxygen to the centre of a flame, sud- 
denly deprives it of light. A simple and beautiful experiment consists of passing a lighted candle swiftly 
to and fro through the air ; the white light reduces itself to a pale-blue band. Bunsen’s burner is an illus- 
tration in the same line. 
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VI. On the Calculus of Symbols. 

By William Spottiswoode, M.A., F.B.8. 

Made up of two Memoirs, one received November 4, Bead November 21, 1861, the other received 

January 21, read January 30, 1862. 


In a paper published in the Philosophical Transactions for 1861, p. 79, Mr. W. H. L. 
Russell has constructed systems of multiplication and division for functions of non- 
commutative symbols, subject to the same laws of 'combination as those in Professor 
Boole’s memoir “ On a General Method in Analysis,” Philosophical Transactions, 1844. 
In this calculus there are four systems of multiplication and division, viz. internal and 
external, both (1) when the functions are arranged in powers of g>, (2) when in powers 
of t, or, as they may be termed, the ^-arrangement, and the cr-arrangement. In the 
paper in question the author has confined himself, so far as division is concerned, to 
the case most useful in practice, in which the divisor is linear. And of this he has dis- 
cussed in full only the ^-arrangement. 


§ 1. Internal division of the v-arrangement by a linear factor. 

Adopting the same notation as Mr. Russell, I propose here to investigate, in the first 
place, the condition that 4>(f) T +'4'o(f) niay an internal factor of 

p»(?K+ Qn- 1(? K” 1 + • • ?<>(?)> 

and to determine the quotient. This is partially discussed in pp. 73-75. 

* 

Let f 

then performing the actual divisions, for brevity writing for and <p for 

Hence the condition that •WfV+'Mf) may be an internal factor of 
will be 

ft&)-fc(f)£=0. (1.) 

o 2 
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Again, 

T +fc-fc 

l »+;+m . *;+m*> 

VM^—k 

« . +e . * / /+.y_+;+i-'M' , .i 

« 

Hence the condition that 4' l (f)w'+4o(f) ma y be an internal factor of &(£K 9 4' < Pi(g , ) T + l Po(?) 
will be 

«,)-..(4^+4Q'-@iyu « 


Before proceeding further, we may remark that the remainder, after internally dividing 

+$<>(§) by ■'MfK+'Wf)* can differ from that last above found 
only in respect of the remainder arising from the division of <p 3 (g)ir 3 by the factor in 
question; hence we have now only to divide the term <p 3 (§)^ by \p , and add 
the remainder so found to (2.), in order to have the condition required for the third 

degree. Proceeding to the division, writing %— p and omitting for the present <p 3 , which, 
since the division is internal, can be replaced as an external factor in the remainder, we 
have 

« , +xM * a — % x + ~ 2 X 

-x^-H^-x 

(x'-W^+xx-x 

(x 3 ~ 2 x>+x 3 ~ 2 xx 

-x s +hx-x- 


Hence the condition that ma y be an internal factor of p s (?V4’Pa(f)*'* 

+<Pi(e)*+<Po(§) will be 



the identity of which with Mr. Russell’s condition, given in p. 75 of his paper, I have 
verified. 
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For the fourth degree, 

r+Xyi^—X^+ix*— Zx)*—(tf—5’XX - + 3 x') 

**+X**+ 3x^4- 
— X*' 3 — 3 X V— 3 X V— 

_ y^r 3 — y 2 $r 3 — 2yyV — yy u 

(x’~ 3z K+(2^^V)-+ to-%''') 

(% 3 — 3 % V+ ( y , ~ 3%%'>+(xV— 3% 8 ) 

— (x 3 —&xx + 3x'>— xV + 3 X a +*x" — x " 

— (x 3 — 3xx + 3x n )^— X 4 +5x 3 X — 3xx u 

x 4 — OxV — 4 %x" + 3xx' a — x" 

and " 

•/‘-GzV— l-/%"+3x'*— /’= — 5iC— X s +3^'— x ")+(— ; 

or if R„ R a , . . be the remainders of ’t( , t+x) _ i > w ’ 2 ( ,r +x) -1 » • •> wc have 

Ha = — X^i+H'n 

R 3 = — xR a -f-R,a> 

R 4 = — x^s+r;. 

j^nd generally, if 

** (^+%) _I = Q»+ RnC^+x) -1 * 

then 

n n+i (‘r+x)~ 1 =*Qn+*Rn(‘r+x)~\ 

§ 

the remainder of which must be contained in the last term. Performing the actual 
division, and remembering that tR„ = R„- r + R'„, 

' 7C ‘ J rX)R n ' 7r + H'n(Hn 

R rt T-f-R„x 
— x R »+K» 

Hence we have generally, 

^'n+i == — X R»+K, 

and consequently, remembering that R 0 =l, we have the condition that 4'i(f) r +4'o(f) 
may be an internal factor of <?„(£)**+ P»- i(§y~ 1 ‘^ m • • <Po(f)> 

foCf)^o+ , Pi(f)Ri+ • • P»(£)R» = 0, (4.) 

where 

Bm= ~Wi R,+s ^ E,= (-£$+4) B - 

The law of the quotients is best seen by actual division. In case of <p i vr a -{-<p l ‘r 
given above, the quotient may be written 
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l 

ft* 

Pi 

Pi 



0 

1 

r 


1 


1 

' 


For the case (rf a cubic function of ir, 

i a 2 i i f ** Ln 




Jj *•’+?. | ’ r +?4" *’+ 2 *> 


(ft -ft & *+ft^+^±^^ i *^) 1 r+ (ft- ft | +ft **$ . 
The quotient of which may bo written 


ft* ft 


1 * -^( 2 -|',+^.) 
t,w+-m $ 2 ^++. 

4'i'-f 2^' 0 2'^',+'l'o 



. ( 6 .) 


Similarly, if the division be performed in the case of the quartic function, we 
find for the quotient of (PiV i -{-p [ y-\r<p i r i -\-'P l r-\-<p 0 )(-J/ i r+^ t )~ l , 



Pi Pi 

0 0 

0 0 

0 1 




1 — $j(4 , 'i+'M 2$+ ■j'. ft 

^i+ 24 'o 


^ 3 ft + ft ft 
Hi' +H'o 2$-f \fi # 

—^3 HI + ^0 •'h 0 

Hi +Hi 2‘v|/',-f-4o yp t 

w + h : ^1+^0 ^i+^o 
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And likewise in general the quotient of (p„r’*-h<p n _ 1 fl' n l + . . p<>)(4'i T + , 4'o) _1 will be 
represented by a square table giving for the coefficient of <p n 


(-r'+^x 


i - 1 


1.2 


4 i + 0 


4 ',' +^ 4 : 

• 

i~ 2 r 

1 

• 

W 


i - 2 


0 

0 


( 8 .) 


§ 2. External division of the w - arrangement by a linear factor. 

I next investigate the condition that may be an external factor of 

Performing the actual divisions, we have in the case of w=l, 

4'i ir + , l / a^i 5r +f , o^ 

I* 



or, as the remainder may be more conveniently written, 

+?.*4r (i-) 

Again, in the case of n— 2, 

‘4i ’ r + 'Poj ‘Pi ** + Pi’ 1 ’ + Po ^ ** + — ‘Pa + j 

v-y+'Pi 5v+4 o J* *■ 

{?* — |*} r + Po ; 

or, transforming the remainder as in the former case, and continuing the division, 


}*•+?. 


|9l — ft+ft ^ j 

-T+4i 


L V_L^, 4',“ 4 0 1‘ 
L ft— 9.+A j 

nW 

_ + 

r w ■ 



SI 


4 

1 

<1#* 
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which also may be transformed as follows : — 

Po—ft+fr+(fr— 2fr)— \ 4^ / J* * • • 

A similar process of division will be found, in the case of w=3, to lead to the follow- 
ing remainder : — 

I (3) 

If ''F,, ‘Fj, . . represent the -^-functions, coefficients of the ips in this expression, the 
law of their formation will be found to be as follows : — 

* i — i » 

Vi 

% =-F 1 ^-r 2 , 

And generally we may write 

And if R„ Eg, .. represent the remainders in the cases of n— 1, n= 2, .. respectively, 
we have 

R,=<po— "Pi'hPiY,, 

Rj=<Po— <pl + fS + (<P> -2d)%+ 

Ri—Qo—Qi-hV* — +(Pi — 2<p2+3(p3)‘F,+(ip 2 — 3<p 3 )^ r a +(p3‘'F 3 ; 

whence 

R 3 =R a — +8tf WF t +ft¥ r 

With a view to forming the expression for R„, let the symbol affixed to R, signify 

that in the expression for R„ the suffixes of the <ps have all been increased by unity. 
Then, by the principle of division, 

=ft-KQ+T,ii,Q 
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and in this expression 

while the general term of the ^series, i. e. the coefficient of will be 

, y— (n(n — l)..(»-r+I) n „ , n(n-l)..(n-r) n(w-l)..(n-r+ l) ) 

1 ' | 1.2 ..r Tr “* 1.2..(r+l) Tr+1 1.2..r Y,Tr J 

/ l)..(w~“>*4~ 1) LjJ* •yTC \T/ n — r ) 

— 1.2 ,.r |T r — Y,T r — r+ i Y r+1 | 

, ., (n + l)n(n -l)..(n-r+l) 

' 1.2..(r+l) Yr+1 ’ 

which proves the general case ; so that generally 

R...=R.±1>lV, ,> T i • - 


(<•) 


the upper or lower sign being taken according as (w+1) is even or odd; where R n+ , is 
the remainder after external division $ n+l (g)ir n+l +<p n (e)7r n -\- . .<p 0 by 4 / i(f) 7r +’4'o(f)- 
For the quotients Q„ Q,, . . we have immediately 

Q.=£i>,. 

Q.= ^{^+R-(o)}. 

Q,= ^{* ,x<+E, (o) T+R “(o)f 

• • • • • 

Q.=$;{<P.’r*- , +K.( n o V' J+Rl ( n o 2 )’ r "'’ + • • ®- (o)l' 

This completes the solution of the problem of division by a linear factor, both 
internal and external. 


§ 3. To divide internally by 

The first term in the quotient will obviously be 


P w 
'I'M 


■N— M 


(1) 


and the product of this into the divisor may, by means of Leibnitz’s theorem, be written 
thus : 


x:us- u - r, *-* r 

where means the result of the operation x N_M_p or \p m alone, and 

(N—M)(N— M— 1)..(N— M— p+l) 

1.2 ..p 

MDCCCLXII. P 


( 2 ) 
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Then the remainder after subtraction from the dividend may be written thus : 

. . . (3.) 

since the coefficient of t n vanishes. With a view to tlie second term in the dividend, 
the first term of the remainder (3.) is 

(*■) 

in which the limits of p and m are subject to the further condition j?+»i=N—l. The 
terms under the sign of summation will be evaluated hereafter. Putting the expression 


and, for the sake of symmetry, 


(4)=<V N -, 
<Pn= < I / o, • 


( 5 .) 

( 6 .) 


the first and second terms in the quotient will be ^ 7r N_M , and ^7r N-M ~ 1 , respectively; 

and, in the same manner as (2.), the product of the second term of the quotient into 
the divisor may be written thus, 


£ ■ ■ ■ 
and the remainder thus : 


2 m+fi = N— a I 
W +Pi=° J 


( 7 .) 


( 8 .) 


But since, when p,=N— M, [N—M— 1, jp I ]=0, we may, without altering the value of 
(8.), change the superior limit of p x from N—M— 1, to N—M; and by this means we 
may write the remainder (8.) in the following form: 


Similarly, calling the first term of (9.) <J> a T N “ a , the third term in the quotient will be 


an( j the corresponding remainder 


( 10 .) 


and so generally the (r-f-l)th term in the quotient will be ^ t** - 11 *', where 

T M 
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and the (r-j-l)th remainder 


2 m+jjssN— r— 1 f ^ 
m+p = 0 1 Ym+p 


—2! 


ipsN-MyWssM^n 
•psso ^msO ^0=0 




The final remainder is the (N— M+l)th ; and the expression will be derived from (10.) 
by replacing r by N— M. 

It remains to develope the terms under the sign of summation in the expressions for 
the Os. In the first place O 0 =<p N simply. In the case of O,, the limiting values of p 
and m are 

p =0, 1, . . N — M, 
m=0, 1, . . M, 
p +m=N — 1. 


These give as the only admissible values 

p=N-M , N-M-l, 
m= M — 1, M , 

and consequently 

^=pk-,— 

* M 


In the case of O s , the only, admissible values are 

p=N-M , N-M-l, N— M— 2, 


giving 


M— 2, M— 1, M , 

^.=fo-.-^{^(^M-.+(N-M)4.k-,+ i N ~ ¥H i N 2 ~ -— *4 a) 
+«>.( WKN-M-1) 4 'm)}- 


Before proceeding further, it may be well to illustrate these formula; by an example. 
Taking the case of N=4, M=3, we may determine the quotient and last remainder 
of internal division of 


by 


?*(§)** +<p» (£)*■*+& (§)**+? i (£)*■+& (?) 

4,(§)**+ Mey+ ^x(s 


and thence the conditions that the latter may be an internal factor of the former. 
By the formulae given above, we have 

<*>0 = 04, 

which will determine the quotient 

£(<lVr*+<XVr+<I>,). 

p 2 
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[ 0 , 0 ]= 1 , 
[ 0 , 1 ]= 0 . 


The last remainder is 

whence for 

m+jp=l, i.e. p=0, m— 1, or ^=1, m= 0, 

we have 

< 7=0 < 7=1 2=2 

p= 0, [2, 0]=1, [1, 0]=1, [0, 0]=1, 

p= 1, [2, 1]=2, [1, 1]=1, [0, 1]=0. 

Hence for m=l the above expression gives 
and for m — 0 it gives 

Again, for m+p=0, i. t. p=0, m= 0, we have 
Hence the total remainder is 

It may be useful to compare these results with the actual division, in the above 
example. 

4V ri +'^l 7r +'! / o) < p4 7r4 + < P3’ r3 + < J 5 2 7ri + < Pl 7r + < Po^^ ^ + ^ 7r + ^ 

. 

< I > iW 3 + ^<P.— (Vi — 1^(^' +2 a|/.)^*-+ ^0o— 


<*y+ 


(S> ‘tr T ' 

Va 


+*£-+ 




which agrees with the result before found. 
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Returning to the 4> functions, and writing for convenience the symbolical expression 
j)-f-m=N— s, 

where the suffix s indicates the number of units whereby the sum^+m is less than N, 
we have 

^0= 

= (13>) 

<Pn 'I'm > 

m= V M <P N -,-S a (<P 0 [ N-M,^]C- M ^ +<P, [N-M-l,;;]C“ M - p -‘ ) ) 

= — 0,S 3 [N— M— 1, 

= <Pn-, S 2 [N-M-1,^- m -'>- 1 > sjn-m,^*-* 

<p N _, S 1 [N-M-l,^ N - M -' , - ,) . . • (14.) 

■ <Ps o S 0 [N-M,^ N -“^; 

and generally, 

Sr [N—M— r+1, j)]4'^‘ M_p- ’ ,+1) . . S r [N-M-l,^r M - p -» S,[N-M, ?&*-"-» ; 
S r _,[N— M— r+1, • • S r _,[N-M— 1, j>]4'L N_M ~ , ' _l) S r [N-M,jo]e- M ^ 

(15.) 

0 ..0 S,[N-M, J »]4<r- M -rt| 

These formulae give, for the example discussed above, 

$0= 04 

'M > i = <Pj \|/,+24'i 

04 'I'j 

\(/JO,= <p, 4 / o+24 , i-f 'I'l 

05 'I'j 4'i + 2>|4 

<04 0 

And for the final remainder, the coefficient of t, 

<P» ^ 4 / i+4 p * 4 / o+2'K+ 

<p 3 0 \|/, +' 2^ a 

^ 0 0 
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and the terms independent of t= 


<P« 'I'o 'I'o 

<Pa 4*a 'I'l+'l'a 

<Pa 0 yp, 

<p 4 0 0 

both of which may be comprised under the single formula 

*■ <Po 'f'o V V 

i <Pi V 24^+$' 

0 <Pa 'f'a 4 / .+'f'a 'K + 2\J/, + V 

0 <p s 0 \J/ 9 \|/,+2\|/' 2 

0 <p 4 0 0 4^ 

§ 4. To divide 2^f<p n T n externally by 2"““4 / »*’" 
The first term in the quotient will be 


v 

*,+ 2 *;+ v 

V+2V 

4 / a> 


*Pn _n-m 


. N — M +p 




t n_m+p ; 
|t n - 1 


( 1 .) 

( 2 .) 

(3.) 


(4.) 


the product of this into the divisor 
and the remainder 

?](£) 

the first term of which is 

M-l] (ja)-* 

I^et <p N =O 0 , and let the coefficient of t n- ‘ above written =<!>, ; then the next term in 
* 

the quotient will be ^ t n - m ~\ and the product of this into the divisor will take the 

same form as (2.), writing only O, for <D 0 , or <p N . The remainder will be the same as 
(3.), with the addition of the term 

>-«+*>-», ( 6 .) 

and the first term of the entire remainder will be 




(«•) 
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and if we make this expression =O a r N-a , the next remainder will be 


the first term of which is 

r<J) \«-M+ s 


'I'M J 


r /CD \ 01 ra 

+[»*, m-2 


'Pm-I 


\\ 


1.2.3 






d> ( 
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-M+p-S 

5 

(7.) 

‘M + IO 


.t n - 4 

-2), 
— Ym 

(*:)'" 

-1) . , 

(iiV' 

2 Ym\ 

Iv 

m^„i 

(*fcV 1 

['I'm / J 


( 8 .) 


and generally the (r+l)th term in the quotient will be 

d> 

TZ_N-M-r 

'I'm ^ ’ 

and the (r+l)th remainder 

( 9.) 

The formation of the Os is as follows : — 

4>o=to, 

\ (m-M+1) 


*,=*-, -SE.N-. [n,M-l](g )' 




The final remainder is given by the formula 

XSts-XSi/JEl*. V-*“ ; 

and the general term of this t n ~* is to be found as follows : 

N— M+j)— j=N— s, 

p—q=M—s. 


-M+J) 


t. e. 


( 10 .) 


. ( 11 .) 
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Then we have for 
P=M, 

.. / <b. \ 

m ]( g ) =$.; 

p=M—l, q=s—l, 

«««• M ~l]( )“'"*' > =M+»(?f)'++«-,(^ ! ) ; 

p— M— 2, q=zs— 2, 

i>=l, j=«~M+l, 

v m=M » r 1 -1 /^ > »-M+l\ (m-l) tit i /^»-M+l \ (M_I) , /»r -|\i / ( b,-M+l \ (M-S) , i 

p—0, q=s—hl, 

»«,o ](-*-) =<4*7) ++«-.(-*rj 


the sum of all which will be found, on reference to the expressions for the formation 
of the Os, to be equal to the first term of 0„ viz. <p N _, ; and consequently the coeffi- 
cient of t n- ' vanishes for all values of s not exceeding the greatest value of q, viz. N— M. 
If, however, s is greater than N—M, by any number t, so that «=N— M-f t, then the 
pairs of values 

P— M, q-s, 

jp=M— 1, q—s— 1, 


p=zM—t+l, q=s—t + 1 

are inadmissible, and the pairs 

^)=M— t, q=s—t , 

p=M— 1, q=s—t—], 

• « • • 

p= 0, • q=s — M 

alone remain; and consequently the coefficients of the powers of v, for s>N— M, do 
not vanish, and the remainder consists of a series of terms, the index of the highest 
power of t being * 

N— M+j?—j=N— «=N— N+M— 1=M— 1, 

as it should be. 

As an example, we may calculate by means of the formulae given above, the final 
remainder in the external division of 

p*(sy+ p»(ey+ p*(ey+ P\(e)*+ &(?) 
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4^ (f K + 'MfK + 4'i(f)*'+4 / o(?) 1 

The conditions 


i>=2, <7=0 

give <I> 0 r 4 

i>= 2 , < 7=1 

‘P.T 3 

jj= 2, q—2 

0 2 t* 

V— i, ?=o 

Ml) +*(£)}- 

^= 1 , < 7=1 

H*U) ++.(^)}«* 

?= 1 , <7=2 

HU) + ' f, 'U)} T 

II 

O 

Wi 

II 

O 


r-H 

II 

o 

II 

Si 

{ Me) +MI?) +Me)} x 

i>= 0 , y =2 - 

{ MO +M0+M0I- 


Hence taking the sum of all the terms, the coefficients of t*, t* vanish, and the 
final remainder is 







These results may be compared with the actual division, 



4vr* +4 'i*‘+'k)pdr'+ + ft,*’ + <P , x + <p 0 ^ ~° 




^2 
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which agrees with the results found above. 


§ 5. To divide internally by 2Z = fy m 4> m (7r). 


The first term of the quotient will be 


N-M PnOliM) 


and the product of this into the divisor, 

m+»). • 

The first term of the remainder will then be 

<p N (^— 1 )|=?n-i '('m-.W 

<P n (t— 1) 1), 

and consequently the second term in the quotient will be 


= ?' 


N-M-l 


1 


'M*— M — 1) 


<Pn-i(^— M) \|/ M _,(?r— M) 

<P n (t— M— 1) M— 1) 


The first term of the second remainder will then be 

'I'm - i Or) 


? N-a |<pN-*W' 


'M»— 1)4»m(»— 2) 


<p N (r— 2) (w-2) 




^ hii*— 2) 


‘Pn-sW ^M- i(») 0 

<p n _,(t— l) l) 

2) 0 # 2) 


( 1 .) 


( 2 .) 


(3.) 


( 4 .) 


( 5 .) 
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Arid it is not difficult to see that the first term of the rth remainder will be 

<Pn— /*•) 'I'm-.OO • • 0 

<pN-r+i(*—l) 'I'm (*— 1) •• 0 
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„N — r. 


1 


(» — 1 )^M (» — 2) . . (» — r) 


( 6 .) 


<p N (T-r) 0 .. ypu(r-r), 

in which determinant every column after the first consists of only two terms, viz. 
^M_,(jr— s) and ip„(ir— s— 1). Hence also the (r+l)th term of the quotient will be 

1 


„N -M-r 


'M’ r “ M — 1 ) . .iKfbr— M —r) 


<Pn r{n — M) '|'M-l(*') •• 0 

<pN-r + .(’«—M-l)^„(T~l).. 0 ^ 


0 . . 4/ M (5r— r). I 

As to the other terms, than the first, of the various remainders. In the first 
remainder, the first term of which is given by (3.), the (s+l)th term will be found by 
making w=N— s, in the expression 

V" = N „«^ /_ \ V> m = M. N _ M + m 'l'm(ff) 


which gives 




=? N -‘ 


1 


4»m (»—*) 


<Pn («■—*) 4'm(*— *)• 

Hence the entire first remainder may be expressed thus : 

<p N -,(r) v|'m- 1 ( t ) 

ir 

<Pn (t—s) x|/ m (t— 4 

Similarly, the general expression for the second remainder is 


t »=m ? n “* 
“ ,=# 


( 8 .) 


4>m(»— M + — M + m — 1) 

which ntiy be transformed thus : 

w=N— s, wi=M— s, 

V ,= M.N-«-l f * ( \ 'I'M-fW 


<P n _,(t— M+ m) M-f-m) 

<P n (t— M+ m— 1 ) 'I'm {*— M+m— 1), 


*1) 


1 } 


=s2** ,M a N-»- 1 1 

'"° * 'M*— 4M*— s— l) 


<Pn -.(«*—«) '1 'm-i(*’— «) 

M *— *— i) «— l) 

) 'l' M -.(*' ) 0 

Pn-i (»— « ) 'I'm (*’—*) ) 

fjr (t— 5— 1) 0 'I'm (*■ — * — 1)- 

Q 2 


(»•) 
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And generally the expression for the £th remainder may be written 


0 § 


1_ 


< Pn-*t+t( 1r ) 

<PN -i+l ("—«) 


'I'M-.H • • 0 

*) • • 4'lI-*+l(*’ — *) 


I < Pn( 71 '~ 3— £+1) 0 . . a— ^+1). 

The last remainder is the (N — M + l)th. Then 

*=N-M+1, 

N— 3 — tf+l=N —s— N+M— 1+1= M— 3 
N— £+l=N —N+M— 1+1 = M 

M-*+l=M — N+M— 1 + 1=2M— N, 

and the remainder in question 

_y.= M M_, 1 __ __ (11 ) 

* -0 ^ +M (w — S— 1).+m(b-— s — N + M) ' *■' 

X : <Pm -,(*■) • • 0 

i <p M (*•—«) 'I'M*— ») ■ • ^m-n («■—*) | 

! • 


<Pn(tt— N+M) 0 . . 5— N + M), I 

in which the coefficient of g M vanishes, as it should. The last term, viz. that independent 

off, 

M — 1)..4 >m(»— N) (I- 1 -) 

X tp 0 (7r) +>(tt) • • b 

‘PnX 71 ' M) 4' M ( 7 T — M) .. '|'aM->j( 7r M) 

*• 

<Pn(’t— N) 0 .. N); 

and if N=l, the result agrees with that given by Mr. Russell*. 


§ 6. To divide S’z"^ M (ir) externally by 2”:„V'l'm( 7 *'). 
The first term of the quotient will be 

Mg) . 


„N— M 


S * m (*+N-M )• 

The first remainder 

v n=N „ . / \ V m = M „N-M + m + N M) / \ 

<P n (7T)-Z mm0 g M) *«(*■) 

— v*=»Un-./^ /_\ «hf-.(*+N— M) _ ,_ x l 

—z,=og |<Pn-.( 7 t)— 4, m(t+n _m) <?«(«■) j, 


(1-) 

( 2 .) 


( 10 .) 


# Philosophical Transactions, vol. cli. p. 72, 
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the first term of which is 


n-.L — M) ^ / _ x l 

whence tiie second term of the quotient will be 

N-M-l L___//n ( it ) N M ) / v] 


“ ?N $ * ‘ *-fN— M) 

|<Pn (*■) (t+N — M). 

Similarly, the second remainder will be 

wi=N-l /_\ v m=M v-M+m-1 4'm(» + N — M — 1) • / \ 


2;;^y<p n ( 5 r)-s:: 0 v- M+m - , 


*»-.« ♦m-kx+w-m) 
‘PnM (t+N-M) 


ai n — i i ' ( \ ^ M — ~H N 1) ^ / \ | / I XT "\f \ 1 

— 2 *=o s |^N-*- i( 5r ) \J/ M (7r + N — M — 1 + N — M) < Pn-.(’t) + M ) I 

‘PnW 'M’T+N — M) 


-2;:^ N *” N — M — + N — M) < Pn-'-*( t ) '!'M-.( 7r + N - M -- 1 ) 0 

■ <p N _, (?r) \{/ m (x+N — M— l)^M_,(?r+N — M) 

I <Pn (r) 0 \{/ M (x+N— M) j 

The tfth remainder 

5‘*= m 0 n-i-/+i .! — - - 1 

"•-of ^wC’i’ + N — M — /+ I+m^ + N — M — 1 + 2 ) ..+«(*•+ N — M) 

X ^N-i-z+ifa’) 'hr-.(*’+N— M— £+1) . . 0 j 

«»-..,(«•) <l-«(x+N-M-«+l) .. *,.,„(f+N-M) | I ' ' • < 5 ’> 


I <PnM 0 • M); 

and the last remainder, viz. the (N — M+l)th, 

v s - m .m-» y 


*=»? i(» M (*)i|/if(»+i) .. +m(*+N^M) 

x <p m -,(t) 4 / m _,(t) . . o 

<Pm(^) ^m(^) •• 4 / s m-n(*+N— M) 


\M*) 0 •• Mh-n-m). I 

In the case considered by Mr. Russell, viz. M=l, (6.) gives only the single term 
{4 /,(t)4/,(t+1).. >|/.(t+N— I)}' 1 <p u (x) +,(t) .. 0 i 

<PiM 'f'i(r) •• 0 I 


<P *-,(r) 0 ..^(x+N-1) 
M*) 0 .. ^(»+N-l),j 



118 


MR. W. SPOTTISWOODE ON THE CALCULUS OF SYMBOLS. 


and in this the coefficient of <p ,(t) is (•— )'X 

j U*) 0 . . o 0 

4'«(* , +l) • . 0 o 


0 

0 


0 . . 1) o 

0 . . 0 'h( T "W) 


0 

0 

0 

0 


0 

0 

0 

0 


• jO 0 0 0 4/,(r+N — 2) 4/ 0 (t+N — 1) 

0 0 0 0 0 1 ) 

=^/ 0 (t)4/ 0 (t+ 1) . . ^ 0 (^r+f— l)^i(«f+*)- • 4'i(*'+N — 2)\|/j(t+N— 1); 
whence the whole expression 

_ v-= N / vm t 

— i=o ( )9t{ /4, 1 ( w )4, 1 ( w +i)..4, 1 (w + j— l)’ 

which agrees with the result given in the Philosophical Transactions, vol. cli. p. 73. 
In the particular case of N=4, M=2, the final remainder in internal division is 


2)4» 9 (t— 3) 


1 


— 2)4 ' 2 (w — 3)4> 2 (* — 4) 


and in external division it is 


1 


+ 1 Wii* + 2) 


+ 


40r)'M*+l)'M ,r + 2 ) 


(r) 


0 

0 


(x — 1) 


1 

r-H 

1 

-1) «X. 

-1) 

(*-2) 

0 

%|/ 3 (t- 

-if 

• 

-2) 

(t— 3) 

0 

0 

4/ s («t- 

-3) 


4'o(*0 

0 

• 

,(*-2) 


1 

-> 

cT 

i 

-2) 

-2) 

>(*-3) 

0 

4/ 2 (t- 

-3) *,(«■• 

-3) 

,(r— 4) 

0 

0 


-4); 

*»(*■) 

'I'lfr) 

0 

0 



'l'a(’r) 

*,0r+l) 

\|/ 0 (ar+2) 


<?»(*■) 

0 

4tfr+l) 

4'i(’ r +2) 



0 

0 

'M T + 2 ) 


<Po(*0 


o • 

0 


*«(*■) 

'J'aOO 


4 / o( jr +2) 


*»(*■) 

0 


*.(r+l) 


$<(*) 

0 

0 

wo- 
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The expressions (10.) for the formation of the Os admit of further development thus : 
O 0 =<p N 

+ m +k-.(£ ) ++*-. (^ir) 

_(m+i)m^m(|i j +(m+ix/ u _,(^ ) +*..(£)}(£) 

*-(&) 

4" $N-S* 

or writing, by analogy to the Os, 

the expression for O a becomes 


-***(%)'■ 

+ *«(£). 


\ ) 


And so likewise writing 




-»*.©- *-©. 


it will be found that 
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)■-**&**& )’-**»& ) -o 


+ 


(M+W(S» J )’ + 

•Mf ( Pn- 
* 1 \ 

— 

“Mfcf - 



+ 

Mf)- 




But the law of the expressions in the first form having been established above, it is 
unnecessary to pursue these latter formula; further. 
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VII. On the Theory of the Polyedra. By the Bev. Thomas P. Kirkman, M.A., F.B.S . , 
Honorary Member of the Literary and Philosophical Societies of Manchester and 
Liverpool. 

Beceived January 3, — Bead January 23, 1862. 


The following memoir contains a complete solution of the problem of the classification 
and enumeration of the F-edra Q*acra. The actual construction of the solids is a task 
impracticable from its magnitude ; but it is here shown, that we can enumerate them 
with an accurate account of their symmetry, to any values of P and Q. 

Section first discusses fully the symmetry of polyedra, and gives a sketch of the Tables 
which it is required to form for the solution of our problem, viz. Tables of the classified 
P-edra Q-acra and Q-edra P-acra, and of their faces, summits, and edges, symmetrical and 
unsymmetrical. 

Section second proves that all these Tables are given, if certain data are first 
. obtained. The rest of the memoir is occupied by the investigation and construction of 
these assigned* data. 

Section third contains the analysis of a polar or monozone summit of a P-edron Q-acron : 
the deltotomous effaceables of the summit are defined and restored: the reticulation 
which is laid bare by the removal of the rays of the summit is analysed and reduced. 

Section fourth is devoted to the construction of polar and monozone reticulations , and 
to their registration with their signatures of form and symmetry, in groups which suffice 
for our problem. 

Section fifth gives formulae for the zoned and zoneless coronation of a polar or mono- 
zone perfect reticulation , whereby it becomes a polyedron ; and Tables of the perfect 
summits thus obtain^ are sketched out. 

Section sixth enumerates and registers the results of deltotomous effacements about 
perfect summits , that is, summits about which all deltotomous effaceables have been 
restored, or which have no effaced effaceables, whereby the summit analysed in section 
third is obtained and registered. 

Section seventh analyses the polar summits of a janal axis ; the rhombotomous efface- 
ables of the opposite summits are defined, and, as well as their deltotomous ones, 
restored, about either pole ; the janal reticulation laid bare by 'the removal of the 
summits is analysed and reduced. 

Section eighth constructs, enumerates, and registers, with their signatures of symmetry, 
the fundamental and primitive janal reticulations. 

Section ninth contains the construction, enumeration, and registration of janal subnu- 
cleus reticulations. 

Section tenth gives the like concerning janal nucleus reticulations. 

MDOOCLXII. r 
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Section eleventh gives a similar account of perfect janal mixed reticulations. 

Sections twelfth and thirteenth are devoted to the janal coronation of janal reticulations, 
and to the enumeration and registration of perfect janal summits. 

Sections fourteenth and fifteenth enumerate and register the results of deltotomous 
and rhombotomous effacemcnts about perfect janal summits. 

Section sixteenth analyses a polyarchipolar summit ; effaceables arc restored about all 
like archipoles ; the polyarchaxine reticulation laid bare by the removal of these polar 
summits is reduced, and afterwards constructed with enumeration and registration of 
results : the formula) for polyarchaxine coronation are given, and the results of efface- 
ment about the principal axes are enumerated and registered. 

Section seventeenth gives the analysis, construction, and enumeration 9f contrajanal 
anaxine pairs of edges, which have neither polar nor zoned symmetry, but of which one 
edge is the reflected image of the other, and diametrically opposed to it. 

The rest of the memoir is devoted to the enumeration of plane reticulations , i. c. par- 
titioned polygons, the knowledge of which is taken for granted in all that precedes. 

Section eighteenth enumerates and registers the symmetrical and asymmetric plane 
penesolids, i. e. plane reticulations laid bare by the removal of an edge of a polyedron. 

Section nineteenth enumerates and registers the primary plane reticulations , symmetric 
and asymmetric, with*their signatures of symmetry. 

Section twentieth constructs, enumerates, and registers with their Signatures, the 
zoned plane reticulations. 

Section twenty-first gives the like account of the zoneless plane reticulations. 

It is unfortunate that my previous labours on the partitions of the Ii-gon, tljat is, on 
plane reticulations, arc of little utility for this problem of the polyedra, by reason of 
their too great generality, and of their not giving the number of marginal triangles in each 
partition. Yet the fundamental theorem on the /r-di visions of the R-gon* has been the 
key to the greatest difficulty in this theory, w hich is to find the number of the asymmetric 
plane reticulations which have a given marginal signature. 

Of the two sections here presented to the public, the first (artsi I XXXV.) is' in 

itself a complete treatise on the symmetry and classification of Polyedra ; and the second, 
together with the preceding introduction, puts the reader clearly in possession of the 
main outline of the argument. Much remains of the entire work, which is, however, 
completely written, and in the possession of the Royal Society, as well as extensive 
applications of the method to the enumeration of polyedra. These will be intelligible 
only when the general methods and formula) of this memoir have been investigated and 
exhibited. 

Section 1 . — On the Symmetry of Polyedra. 

I. The symmetry of polyedra is — 

1. Zoned symmetry; 

2. Zoneless axial symmetry ; 

* Philosophical Transactions, 1857, p. 225. 
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3. Mixed symmetry, both zoned and zoneless axial ; 

4. Neuter symmetry, neither zoned nor zoneless axial ; 

5. No symmetry. 

The greater part of the polyedra are entirely asymmetric. 

In considering this symmetry, we have no regard to mere lengths or inclinations of 
edges. The symmetry is descriptive, not metrical. For example, if the cutting edge of 
a wedge be removed by any quadrilateral section, the solid acquires, for our purposes, 
all the symmetry of the cube ; and this remains, however the figure may be distorted. 

1. Zoned Symmetry. 

II. The polyedra which have a zoned symmetry, and only such, are 

a. Monozone polyedra; 

b. m-zoned monaxine heteroids ; 

c. Zoned triaxines ; 

d. m- zoned monarchaxines, having one principal and m secondary axes ; 

e. Zoned polyarchaxines, having the axial systems of the regular polyedra. 

The terms will be explained below. 

Def. A zone is any closed line drawn or drawable on a polyedron, which divides it into 
halves , either of which is the reflected image of the other, no regard being had to mere 
lengths of edges. 

The closed line may or may not be all in one plane, and the halves may or may not 
be metrically eljual. We have a right to conceive, when it is convenient, that the solid 
is constructed with the greatest possible symmetry, in which case the halves will be 
exactly equal, and the zone will be a plane, having to them the geometrical relation 
which a mirror has to an object touching it and to its image. 

This relation we shall assume as always existing, however the polyedron may be dis- 
torted ; that is, we assume that any zoneless edge will meet, on any zonal plane, if it be 
produced, the edge which is its reflected image in respect of that zonal plane. 

For example, any ‘section of a cube which passes through two opposite faces, and con- 
tains either two edges or none of the solid, is a zone. 

Every zone has a zonal signature, Z, which describes it by the number of its zoned 
features, i. e. its zonal faces , and its zonal summits, through which it passes, and its 
zonal and epizonal edges , but gives no account of the number of edges in the zoned faces 
or summits, nor of the order of the zoned features. 

Any edge contained by the zone Z, is a zonal edge of Z. Any edge cut by the zone, is 
an epizonal edge of Z. 

It will create no confusion if we denote both the zone and its signature by the same 
name Z. 

We represent zonal and epizonal edges by the symbols 0 and 0 (zero faces), and we 
write the number of such edges as an index over the proper symbol. All such indices 
in a zonal signature are coefficients. 

r 2 
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III. a. Monozone polyedra . — A monozone polyedron has no symmetry but that of a 
single zone. It has the zonal signature 

Z={$S G, 0‘S 0 4 }, 

which records that Z has g zoned summits, G zoned faces, a zonal edges, and b epizonal 
edges. 

No two AA' of the zoned features of a monozone polyedron have the same conflguration r 
or are me the reflected image of the other. 

For if A were identical in configuration with A', there would be a symmetry of repe- 
tition, not essential to the zone Z. And if A were the reflected image of A', there would 
be a zone different from Z, passing between A and A'. 

Every zoneless feature, B, is twice read on a monozone polyedron, viz. B and its reflected 
image. 

The undrawn lines of Z are the zonal traces of the zoned faces and summits. 

The trace of a zone is agonal, diagonal, or monogonal, according as it passes through 
one angle, two angles, or one angle only, of the face or summit. 

Monogonal traces are seen only in odd-angled faces or summits. 

A monozone 8-edron 12-acron is 

whose zonal signature is 

Z={2, 2, 0% 0 1 }. 

IV. Zoned axis . — Any number of zonal planes may have a common line or axis, which 
is a zoned axis. 

Def. An axis isjanal, whether it be zoned or zoneless, if the configuration C, or if the 
reflected image of C, which is read at one extremity of the axis, can be read by an 
opposite eye at the other extremity, by turning the axis through any angle. 

In particular, a janal zoned axis is said to be objanal , when the configuration C read 
at one pole or extremity is the configuration G, read at the other pole (by an opposite 
eye in the axis), turned through two right angles, G being C inverted. 

Also a janal zoneless axis is said to be contrajanal, if the configuration C read at one 
pole is the reflected image of the configuration C' which can be read by an opposite eye 
at the other. 

Def. An axis, whether zoned or zoneless, is heteroid , if the configuration C read at one 
pole cannot be read at the other, nor read inverted, nor reflected. 

V. According to the character of the polar features terminating an axis , zoned or 
zoneless, the axis is amphiedral, amphigonal, amphigrammic, gonogrammic, edrogrammic, 
or gonoedral , terms which explain themselves. 

An axis is m-zoned, when it is the intersection of m zones. 

A zoned amphigrammic, edrogrammic, or gonogrammic axis is of necessity two-zoned ; 
for a polar edge may be zonal in one zone, and epizonal in another, but cannot belong 
to a third. 

VI. Theorem. There are two different hemizmal sequences of configuration , and only 
two, read alternately upon the hemizones about a zoned axis. 
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For, 1°, there cannot be fewer than two ; because if two contiguous hcmizones had 
exactly the same configuration, they would be each the reflected image of the other, and 
therefore not contiguous, but on opposite sides of a different zone. 

And 2°, there cannot be more than two ; for every hemizone A has on either hand, 
by definition of a zone, the same hemizone B, and B has on either hand the same hemi- 
zone A. 

The propositions of the following article are easy deductions from the above theorem. 
We use the term perpendicular in a wide sense, in consideration of art. II. ; that is, 
under the assumption of the greatest possible symmetry. 

VII. When there is an even number of zones about a zoned axis, each is perpen 
dicular to another, and has two identical hemizones. 

t 

If a 2m-zoned axis is the only one of the solid, there are two different entire zonal 
configurations about the axis, viz. m zones Z alternating with the m zones Z'. The 
signatures of Z and 71 may or may not be different ; the configurations cannot be the 
same. 

When there are 4 m zones, each is perpendicular to one of the same configuration. 
When the number of zones is 4m+2, each is perpendicular to one of a different con- 
figuration. 

When the number of zpnes is odd, none is perpendicular to another. 

When the axis is 2m-zoned, there are, in each polar feature, m traces t alternating 
with m traces t'. 

0 When the axis is(2m+l)-zoned, the polar face or summit has 2»i+l identical traces. 

About a (2m+l)-zoned axis there is but one entire zonal configuration , and conse- 
quently but one signature for all the zones. These zones have not each two identical 
hemizones. 

Whether the r zones be odd or even, the 2r semi-traces present alternate configura- 
tions in the circuit of the pole. 

Each trace has two like terminations, if r be even, and two different terminations, if 
r be odd. 

VIII. Theorem. If a zoned axis is the only axis of the pohyedron , that axis is 
heteroid. 

For if not, the opposite poles will be either identical, or one the reflected image of 
the other. 

If they are identical, there is an axis of even repetition perpendicular to the zoned 
axis, i. e. an axis about which in revolution of the solid, the same configuration is 2m 
times repeated to the eye ; which is contrary to hypothesis. 

If they are one the reflected image of the other, there is, at right angles to the zoned 
axis, a zone, whose intersections with those of the zoned axis are other axes of the solid ; 
which is contrary to hypothesis. Wherefore the theorem is proved. 

IX. b. Zoned monaxine heteroids. — A polyedron whose only axis is an m-zoned axis, 
is an in-zoned monaxine heteroid polyedron. 
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When m is odd, the zonal signature is 

Z= {(,,+*), (/,+G)O“0 4 }, 

where 

shows the number « f of polar summits, and f p of polar faces, beside g different non-polar 
zonal summits, G different non-polar zonal faces, a different non-polar zonal edges, and 
b different non-polar epizonal edges. 

The axis may be amphiedral, amphigonal, or gonoedral. 

When m is even, the two zonal signatures are 

z={M- 2 g), (Z+ 2 G), o; 050 s - o’*}, 

Z,= {(^+2^), (/;+2G ( ), 0“ 0* 0 2a 0 s *'}, 

where 

(u =0=(3 if m>2 (art V.)) 

describes the poles, which may give six different characters to the axis (V.), one for every 
solution of the equation <r p -j- u-j-j3=2, where a=2 differs not from fi=2 in form. 

We consider two zoned features, of which one is the reflected image of the other, to 
be the same in configuration, and enumerate the two as one in our Tables of zoned 
features. 

The above signatures show g, G, a, b, and g p G t , a p b, for the number of their different 
zoned non-polar features. For each zone has two identical hemizones, when m is even, 
but not when m is odd (VII. ). 

The polar edge which (a-f|3>0) is zonal or epizonal in Z, is epizonal or zonal in 5^. 
There is nothing to prevent the two zones Z Z < from having tire same signature ; but 
they cannot have the same configuration. And we always consider two zonal signatures 
which differ only in p subscribed, and in the ways of writing the factors of the same 
number of features, as numerically the same zonal signature. This is important to be 
remembered, when we inspect our Tables in considering the zone Z. 

Whether m be odd or even , every different non-polar feature is read 2m times on the solid , 
namely, once in each of 2m interzonal regions. 

A 2- zoned monaxine heteroid 6-cdron 8-acron is . 

The zonal signatures are, 

Z ={(2.1) (2.1) OpOJ,} ; 

*p=0> 9= 1> G=l, a= l=/3, a=s 0=5; 

Z'={(2.1) (2.2),o;o;>; 

*„=0, &=1> G,=2, /3=l=a, a,=0=b r 
The axis is amphigrammic. 

A 3-zoned monaxine heteroid 7-edron 9-acron is . 
whose signature is 

Z={(1), (2,+2), 03}; 

®>=0, < 7 = 1 , /„=2, G=2, «= 0 , 5 = 3 . 
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. The polar triangle has three monogonal traces ; the polar hexagon has three agonal 
traces. 

X. Principal zoned axis. Secondary axes. — A principal axis has more zones or not 
fewer zones than any other. The zones which intersect in it are principal zones. 

Theofem. If there he but one principal zoned axis , A, it is janal; the solid has one , 
and but one , zone besides those of the axis , and this zone is perpendicular to the axis A. 

For Z", a zone not containing the principal axis, cannot divide the solid into halves 
of which one is the reflected image of the other, unless the axis is janal and at right 
angles to Z". As the axis can be perpendicular to but one zone, the truth of the theo- 
rem is evident. 

This Z" is called, when m> 2, the secondary zone of the polyedron , and its intersec- 
tions with the zones of the principal axis are the secondary zoned axes of the polyedron. 

XI. Theorem. A 2m-zoned principal axis has 2m 2 -zoned secondary axes, all janal; 
the 4m secondary poles of these axes are in the secondary zone , of two alternate configura- 
tions, and the alternate secondary axes are different. 

The 2m axes are 2-zoned, being each the intersection of the secondary with a prin- 
cipal zone. The rest is evident, if we make a section of the solid in its secondary zone ; 
for the 2m traces of this section arc the 2in axes (VII.). 

Theorem. A (2m+l )-zoned principal axis has 2m+l secondary axes. Their 4m+2 
secondary poles are in the secondary zone , in the circuit of which they present two alter- 
nate configurations. The secondary axes are all 2-zoned, all alike , and all lieteroid. 

XII. d. Zoned monarchaxines. — A polyedron having only one principal m-zoned axis 
is an m-zoned monaxchaxine janal polyedron, which is also sufficiently described as an 
in -zoned monarchaxine (X.), where the number m does not include the secondary zone. 

When m=2 no axis is principal, and there are three 2-zoned axes, any one of which 
is perpendicular to the other two. These three axes are of three different configura- 
tions ; for if two semi-axes at right angles to each other were identical, they would 
reflect each other, and a zone would pass between them ; whence it would follow that 
the third axis were no 2-zoned axis. 

c. The solid in this case is called a zoned triaxine polyedron. It has three zones of 
different configurations. 

The zonal signatures of a 2r-zoned monarchaxine (r > 1) arc thus written, ZZ' being 
principal zones, and Z" being secondary : 

Z={2(vK+2 g), 2 (/ p +^+ 2 G), 0r> 0 ?, 0 4a , 0% 

Z' = {2(<r p + S ' p +2f), 2(f p +? p +2G'), Q f, Of, 0 W , 0*}, 

z"=2r{(*,-w;+2A te+&+2G"), 0^, 0; + «; 0”, 0*}, 

where 

°p+fp =1 

is the principal pole, summit or face, in the janal axis ; and 
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( p denoting a polar summit, and <p p a polar face, show the secondary poles, viz. r of either , 
configuration (XI.). The numbers gGab, g'G'a'b' record all the different zoned non-polar 
features of Z and Z', as g"G"cd record those of Z". The secondary polar edges are zonal 
in one zone and epizonal in another. 

Every non-polar zoned feature of the r zones Z, or of the r zones 71, occurs f buf times in 
each zone Z or 71. Every non-polar zoned feature of Z" occurs in it 4r times. Thus all 
such features are read 4r times. 

Every zoneless feature of the solid is read in it 8r times, in as many interzonal regions. 
The principal axis is either amphiedral or amphigonal. The characters of the secon- 
dary axes, all janal, vary with the solutions of the equations enumerating their poles. 

When r= 1, the solid is a zoned triaxine, whose three signatures have one form, and 
may or may not be identical signatures. But the three configurations of the zones are 
always different. 

The zonal signatures of a (2r+l)-zoned monarchaxine are 

Z ={(2<r„+ f , f 2 g), (2/„+p p +2G), 0; 0* 0 2 ‘ 0*}, 
Z"=(2r+l){ Sp +2g"), (<f> p + 2G"), $ 0“ 0* 0“}, 

where 

describes the principal pole, and 

s p +P p +u+P = 2 

describes the secondary poles, of different configurations. Thus g p —2 gives an amphi- 
gonal, ? p =a= 1 gives a gonogrammic axis, &c. 

Every nonpolar feature in the principal zone Z is read twice in the solid in each of the 
2r-j-l zones. Every nonpolar feature in the secondary Z" is read 4r+2 times in Z". 

Every zoneless feature of the solid is read 8r+4 times , once in each of 8r-f~4 interzonal 
regions. 

A (2r=)4-zoned monarchaxine janal] 22-edron 36-acron is here figured, of which 
the zonal signatures are 

Z={(..), 2(l p +l,), 0 41 }, 

V=V=£=°> b =fp=<P P = G=a=i3=a=0, 

Z'={(2.1,+4.1), (2.1,), 0 4 }, 

<r p =<p;=0, g p =g'=f p =l=a', G'= a '=/3'=£'=0, 

Z"=4{(l p +2.1), (1,), 0 2 ;*}, 

; p ^=l=g"—<p p —C. 

We see, on inspection of these signatures, that the principal axis is amphiedral , 
because Z has four polar faces, of which only two can be secondary poles. We see that 
Z" has four polar summits in the two zones 71, and four polar faces in the two zones Z. 
Hence the secondary axes are alternately amphigonal and amphiedral. 

The two zones Z have each four non-polar epizonal, and no zonal edges. The two 
zones 71 have each four non-polar zonal edges, and no epizonals. 
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The secondary zone has eight non-polar zonal edges and no epizonals, and it has eight 
non-polar summits. 

Hence we can subtract, on inspection of the signatures, all the zoned faces, summits, 
and edges from the entire number in the solid, and thus determine the number of 
different zoneless features in each of the eight interzonal spaces. 

A 3-zoned monarchaxine 17-edron 27-acron is 

of which the signatures are 

Z = {(1„+2.1), (2.1„+1„), 0 9 > 0* 1 }, 

Z"=3{(1,+2.1), (1J, 0 91 }. 

We read in these signatures that the principal axis is amphiedral, 
because Z has four polar features of which two faces must be principal poles, because 
the principal axis is janal. Either zone shows that the secondary axis is gonoedral. 

A zoned triaxine 30-edron 26-acron is . . 

of which the signatures are 

7. ={(2.1, +4.1) (2.1,) 0*'}, 

Z ' = {(..) (2.1,+4.1) 0J‘ 0 4 - 1 }, 

Z"={(2.1,+4.3) ( . . ) or O 4 -’}. 

Z and Z' have each two polar faces, wherefore their common axis is amphiedral. ZZ" 
have each two polar summits, and have an amphigonal axis. Z'Z" have an amphi- 
grammic axis. 

The non-polar zoned features are four summits, all alike in Z, and four zonal edges 
all alike ; four epizonal edges alike, and four faces alike in Z' ; twelve summits, as also 
twelve zonal edges, of three configurations in 71' . 

There is nothing to prevent the three axes of a zoned triaxine having all one signa- 
ture, and axes of any janal character. In every case the zonal signatures record accu- 
rately the configurations. 

XIII. System of principal poles. Zoned polyarchasines. — Let A,A 2 A 3 ... be a 
system of poles, zoned or zoneless, of one configuration, not all in one plane, in a poly- 
edron P. If each pole be joined to those nearest it bylines drawn, if necessary, beneath 
the surface of P, it is evident that these lines will form a polyedron, Q, having edges 
all of one configuration, i. e. each being the intersection of an F-gon and an F-gon. If 
F=F, the polyedron Q is regular. If F < F, let lines be drawn from the centres f of 
all the F-gons to all their angles. Thes^ lines produced will all pass through centres 
f of other faces F. This is all inevitable, by reason of our hypothesis that the poles 
A,A 9 A 8 ... have the same configuration. Wherefore the system of lines ff will form 
a regular polyedron, having as many edges as there are poles AjAjA, .... 

Hence we have the 

Theorem. The number of like poles , zoned or zoneless , of any polyedron , which are 
not all in one plane , is equal to that either of the summits or of the edges of a regular 
polypdron. 

mdccclxii. s 
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XIV. If there be a system of collateral polar summits A,A,A 3 ... of the same con- < 
figuration in any polyedron P, it can be reduced by sections passing only through 
edges AjA*, A,A a , A,A 4 , ... to a regular polyedron having only the edges A,A a , A a A s , 
A S A 4 , ... 

If a system of principal polar summits be not collateral, sections of the solid can be 
made, removing all the edges of those summits, and laying bare a system of as many 
principal faces of a solid having fewer edges. The reciprocal of this has a system of 
principal polar summits, which can be treated like the preceding one ; and thus we shall 
inevitably arrive finally at a solid having collateral principal summits, which reduces by 
a set of simple sections, as above shown, to a regular polyedron. 

It is thus proved that the only systems of principal summits, zoned or zoneless, are 
those of the regular polyedra. 

The following description of zoned polyarchaxines is easily verified by considering the 
regular solids. 

XV. A zoned triarchaxine polyedron has three 4-zoned janal principal axes, four 
3-zoned objanal secondary axes, and six janal 2-zoned tertiary axes. The axes may have 
various characters (V.).w 

The zonal signatures of the zoned triarchaxine are 
Z = 

Z,= {(2»,+4.»;+2<+4yJ(2/ r +4^+2/;+4G,)0rOr0“<)‘‘'}. 

There are six zones Z /5 and three zones Z. 

The principal poles are G(s-f-/)=(3.1. * 

The secondary poles are 8(s'-|-y') = 8.1. 

The tertiary poles are 12($"+/^ +«"+ /3")=12.1. 

The secondary poles, as well as the tertiary, arc of one name only. 

The numbers g, G, a, b, g t , G ( , a p b t , g n &c., enumerate the non-polar zoned features 
which have all different configurations. The sum of these numbers >0. 

Every non-polar zoned feature is read 24 times on the solid. Every zoneless feature is 
read 48 times on the solid, in as many interzonal regions. 

XVI. Def. A janal zoned axis is homozonal, when, the axis being horizontal, two 
opposite eyes can sep in the poles at the same time, one the trace t vertical between t'tf, 
and the other tf vertical between tt. When there are but two traces in the pole, one 
eye will see the trace t vertical and t' horizontal, while the opposite eye sees tf vertical 
and t horizontal ; and this is the configuration seen by opposite eyes in the secondary 
axis of a zoned tetrarchaxine. 

A zoned tetrarcliazdne polyedron has four heteroid principal 3-zoncd axes, and three 
secondary homozonal 2-zoned axes. It has six identical zones, whose signature is 

z= {%+*,+?), 2 (/ p +/;+g) o f of o- o’ 4 }. 

The principal poles are 


%+/,)=4.2. 
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The secondary poles are 

Each of the six zones has 0 non-polar features all of different configura- 

tion. 

Every zoned non-polar feature occurs 12 times on the solid. Every zoneless feature is 
found 24 times , in as many interzonal regions. 

XVII. A zoned hexarchaxine polyedron has six objanal (IV.) principal 5-zoned axes, 
ten objanal secondary 3-zoned axes, and fifteen janal tertiary 2-zoned axes, which may 
have any terminations, 

There are fifteen identical zones, whose signature is 

z={2(«,+ s ;+«;+2y), 2(/„+/;+/; , +2G), ororO“0“>. 

The principal poles of the solid are 

6 ( 2 *,+ 2 /,)= 6 . 2 , (»,+/,=!); 

the secondary poles are 

10(24+2/;)=10.2, («'+/'= 1); 

th^ tertiary poles are 

15(2*;+2£+2a")=15.2, (s"+/"+«"=l). 

Every zoned nonpolar feature is read four times in each zone , i. e. sixty times on the 
solid. Every zoneless feature is read 120 times, in as many interzonal spaces. 

Observe that two zoned signatures are numerically identical, if they differ only in p 
subscribed, and in the mode of exhibiting the factors of a number. There is nothing to 
prevent any two of the signatures having the same number of summits, face, and edges, 
of art. (II. . . . XVII.) from being spoken of as the same signature Z ; but the polarity 
and repetition of the features differ with the symmetry. 

For example, the two solids 



have, the former the zones 

Z = {(..) (41,), 0“}, 

Z'={(4.1*) (2.1,), 

and the latter the zones 

Z,= {( • . ) (2, +.2.1) 0 ,#1 } 

Z;={(2.2) (2,) O* *). 

We see that, neglecting^ subscribed, Z and Z ; are the same signature, as are 71 and Z’. 
The second solid is a 4-zoned monaxine heteroid, having only two polar zoned features. 
In the former every feature is polar. 

The following will suffice for examples of zoned polyarchaxines. Here are five zoned 

s 2 
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triarchaxines, in all of which, except the first, only half the solid is seen, the rest being 
conceived as b^low* the page, which is a zonal plane. The dotted lines are undrawn 
zonal traces, which are, however, not all exhibited. 



O E 

The zonal signatures are (art. XV.), — 

a. z={( . . )(4.i„)o-}, z,= {(4.i;)(2.i,)on ; 

B. Z=((4.1,X . • W'h Z j ={(2.1,)(4.i;)0J 1 *}. 

These two are reciprocals, both regular polyedra. 

C. Z={(4.1 p +4.i;)(..)0 91 }, Z /= = { (2.1^ H- 4.i;-h 2.i;)(4. ; 

D. Z= {(4.1,)(. .)0r">, Z,= { (2.1 p +4.1 ^)(4.1)0*' , "0 4,1 '} ; 

e. z={(4.i p )(4.i;)}, z / ={(2.i p +4.i;)(2.i;)0-'}. 

The solid C has only amphigonal axes, and has eight non-polar edges in Z, all alike, 
and four non-polar faces, and four non-polar edges, in Z y , either all alike. D has prin- 
cipal and secondary amphigonal, and tertiary amphigrammic, axes. The 12-edron E has 
principal and secondary amphigonal and tertiary amphiedral axes. Four of the six prin- 
cipal polar summits are in the plane of the page. The principal poles of E are tessaraces ; 
the eight secondary poles are triaces ; the twelve tertiary poles are quadrilaterals. 

None of the solids drawn have zoneless faces, but they may have any number, if we 
load each of the forty-eight interzonal regions with the same polyedron R, zoned or zone- 
less. If R is zoneless, we shall impose R twenty-four times and its reflected image twenty- 
four times, so that the traces may be all preserved. The polyedron R may be polar or 
not, and symmetrical or not. 

What precedes is sufficient to show that our signatures accurately record the zonal 
configuration. What more is required for placing the polyedron upon record, we shall 
tee when we treat of registration. 
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2. Zoneless Symmetry . 

XVIII. The polyedra which have a zoneless symmetry are — 

a. r-ple monaxine heteroid polyedfra; 

b. r-ple monaxine contrajanal polyedra ; 

c. r-ple zoneless monarchaxine polyedra ,* 

d. zoneless triaxine polyedra ; 

e. zonelcss polyarchaxine polyedra, which have the axial 

system of the regular polyedra. 

An axis zoned or zoneless is said to be of m-ple repetition , if the same feature presents 
itself m times in the same posture in a revolution of the solid about that axis. 

j Every x-zoned axis is an axis of x-ple repetition ; for though it has 2 r like interzonal 
spaces about it, reflecting each other, no zoneless feature presents itself more than r times 
in the same posture in a revolution about the zoned axis. 

Every amphigrammic, edrogrammic, or gonogrammic axis, zoned or zoneless, is of 
necessity an axis of 2-ple repetition. 

By an r-ple axis , when zoned is not added, we understand a zoneless axis of r-ple 
repetition. 

Heteroid r-ple monaxine polyedron. — A polyedron which has no zone, and but one 
zoneless r-ple heteroid axis, is an r-ple monaxine heteroid polyedron. The axis may be 
of any character. In this solid every non-polar feature is read r times , and no more , 
namely, once in each repeated sequence which presents itself in revolution about the 
axis. 

Such solids are the following : — 



D E 


A has a 2-ple gonoedral axis ; B has a 4-ple amphiedral axis ; C has a triple gonoedral, 
D has a 2-ple amphigrammic, and E a 2-ple edrogrammic axis. 

XIX. Monaxine contrcyanal polyedron. — If we place any r*ple heteroid monaxine P, 
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(r>l), by a 2m-gonal face upon a mirror, and then turn P through an angle of m sum- 
mits, while the image of P remains unmoved, that image, together with P so turned, 
forms an r-ple monaxine contrajanal polyedron. If, for example, 2 rm— 4 r, there will be 
in the mirror a repeated sequence of four edges ABCD, and the configurations read by 
opposite eyes in the axis supposed parallel to the page and perpendicular to the lines 
will be (m— 2), 

ABCDABCDAB... 

CDABCDABCD... 

One eye sees A beyond C, and to the right of that B beyond D ; the opposite eye sees 
A beyond C, and to the left of that B beyond D. The configurations are contrajanal (IV.). 

We may take the last-drawn solid for the polyedron P, and conceive it laid by its 
square polar face in a mirror, and then turned through m=l summit, while the image 
remains unmoved. The solid with the image will form a 2-ple monaxine contrajanal. 

But it will be found impossible to produce this contrajanal configuration unless by 
employing a 2m-gonal polar face, and by turning the solid through m summits, r> 1 
being the index of repetition. 

The monaxine hetcroids, 




which have each a repeated sequence ABC, will give by this process attempted, no zone- 
less figures but monaxine heteroids. This could be easily demonstrated, but such demon- 
stration would be of no future use to us in our problem. And our object here is simply 
to prove the existence of this class of solids. 

Further, the configurations so obtained are not only contrajanal but monaxine. For 
there is no zoneless axis in the plane of the mirror, because P and its image in our con- 
struction do not form a repeated sequence in revolution about such an axis; and no 
point of P out of the mirror except the given pole of P can be a pole of repetition. 

And as there is evidently still about either of the poles (of P and its image) an r-ple 
repetition, the indicated construction is an r-ple monaxine contrajanal polyedron. 

But it is not to be supposed that all these solids have, like the one constructed, a 
closed circle of zonoid edges, viz. the edges in the mirror. But it is evident that such a 
circle is either drawn or drawable, in any janal polyedron, which shall present in the 
faces above and below it, the same repeated sequence of faces, either janal or contra- 
janal, to the two poles. Our object here is not to discuss the form, but to establish the 
existence, of these polyedra. 

XX. One principal zoneless axis. Zoneless r-ple monarchaxines. — A principal axis of 
repetition, zoned or zoneless, has a higher repetition than another. 
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Let the r-ple heteroid monaxine P be placed by its polar mr-gonal face A in any way 
on A' the same face of P' identical with P, so that the summits of A and A' may coincide. 

As the two opposite poles aa' of the solid PP' are identical, there is an axis )3 of double 
repetition, zoned or zoneless, at right angles to the axis aa', and, as this axis aa' is r-ple, 
there must be r axes (3, having r identical poles p and r identical poles p r one of each 
kind in each repeated sequence about eta!. 

Let r> 2, and let aa! be the only principal zoneless axis of PP'. Then (3 is not 
zoned ; for if it were, it would have at least two zones, neither of which would contain 
the zoneless poles aa !. There would then be at least four poles a, one between each 
pair of hemizoncs about (3, and«ea' would not be the only principal axis. Wherefore 
J3 is*zonelcss, and there are r zoneless axes (3. 

Let^p' be two like poles of axes (3 most nearly contiguous. They form with the prin- 
cipal poles aa' a repeated sequence; wherefore there is a zoneless pole p t of double 
repetition between p and p', of a different configuration from p, and there must be r 
zoneless poles p alternate with r zoneless poles p n around the axis aa 1 . 

The solid PP' (r>2) is an r-ple monarchaxine poly edron. It has r secondary axes, of 
double repetition , which are , according as r is even or odd , all janal and alternately 
different , or all heteroid and alike; and , in either case , the 2r poles present alternate 
configurations. 

In our construction there is a sequence of zonoid edges (in the faces A) in general 
effaceablc; but we shall find that there are r-ple monarchaxines which have no such 
edges effaced, or cffaccable, by effacements which shall preserve all summits. 

Zonoid signature . — Every r-ple monarchaxinc has a zonoid signature , which gives an 
exact enumeration of the secondary poles , whether they be faces, poles, or edges, but no 
account of the number of edges in polar faces or summits. This signature has the form 

where 

(*+/ +a)=2, 

and where every solution of the latter equation gives a different system of secondary 
poles. The distinction between the symbols 0 0 (II*) in the account of zoneless polar 
edges vanishes. The poles in £ may be of two names, or of one name only. 

When r=2, there is no principal axis, the demonstration that (3 is zoncless fails, and 
(3 may be a zoned axis. In such case there are as many axes aa! as there are zones about 
(3 perpendicular to aa', and there cannot be more, because aa! being an axis of repeti- 
tion, must be central in the interzonal space in which it appears ; and the limiting zones 
of that space must evidently be both of the same configuration, for otherwise aa' would 
be no axis of repetition. In this case the symmetry is mixed, and will presently be 
discussed. 

When r==2 and |3 is a zoneless axis, it follows that (3 is janal, otherwise aa! would be 
no axis of repetition ; and as the poles of aa' and (3 form a repetition, there must be a 
third janal axis y of even repetition at right angles to aa' and to (3. 
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One of these two axes (3 y may be an m- pie zoneless principal axis, of which the other 
two axes are secondaries. 

Zoneless triaxines. — When m= 2, the three zoneless axes aot\ /3, and y are all double 
janal axes, and the solid is a zoneless triaxine polyedron. 

The zonoid signature of a zoneless triaxine, when it is recorded, has the form 

£=2 {tr p +f p +0“}, (<r p +yj,+a=3), 

showing six poles of three, of two names, or of one only. But we shall see that the 
registration of these signatures in zoneless triaxines is of no use for our purpose. 

Every nonpolar feature of an r-ple monarchaxine or (r=2) triaxine is read 2r times 
v/pon the solid , namely , r times about either extremity of*the xple janal axis. , 

The following arc such solids, in the two last of which only half the solid is seen, the 
other half, identical with that seen, being supposed below the paper. 



The solid A, in which the dotted lines are below the page, is a zoneless triaxine whose 
zonoid signature is (r= 2), 

£=2{i p +i,+o;,}, 

the three axes being amphigonal (/>//), amphiedral, and amphigrammic. 

The solids B and C are 4-ple monarchaxines, half seen, whose zonoid signatures are 

£=4{l J) -i-0p} for B and for C. 

The former has an amphigonal, the latter an amphiedral principal axis. 

A simple mode of constructing zoned monarchaxines is to draw such reticulations as 
these, where the dark edges are effaceables : 


6 



The first is a 3-zoned monarchaxine, the second a zoneless triaxine, reticulation, having 
in the page an amphigonal and an amphigrammic axis. If we crown the former in one 
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polar face with the hexace 123456, and in the lower polar face with the hexace 
1,2, 8, 4, 5, 6,, the solid completed will be a triple monarchaxine. If we crown the opposite 
polar face* of the latter with tessaraces upon the marginal triangles, we form a zoneless 
triaxine polyedron. 

XXI. System of principal zoneless axes. Zoneless polyarchaocines. — The following 
propositions have been sufficiently established by the proof in arts. XIII., XIV., that 
every system of principal axes is that of a regular polyedron. 

We give an account in the zonoid signature of a polyarchaxine, of its secondary and 
tertiary poles. ' 

A zoneless triarchaxine has three principal 4-ple janal axes, four secondary triple janal 
axes,* and six double janal tertiary axes. Its zonoid signature is 

?={8K+/,)+i2(,;+/;)+o-"}, 

where 

»+/,=l 

describes the secondary, and 

1 

the tertiary poles. 

The poles of the same rank are of one name only. Every nonpolar feature is read 
twenty four times in the solid , viz. four times about each pole of every principal axis. 

Such a solid is here half-drawn, the portion unseen being identical with that seen, 
and below the page. 



This triarchaxine 72-edron 62-acron has amphigonal principal and (ppp'p") secondary 
axes, and amphigrammic tertiary axes. If we efface the twelve polar edges of the 
tertiary axes, we obtain a 60-edron 62-acron having amphiedral tertiary axes. 

A zoneless tetrarchaxine polyedron has four triple heteroid principal axes, and three 
double janal secondary axes. Its zonoid signature is 


where 

describes the secondary poles. 

MDCCCLXII. 


£={+Gfo4/,)*0‘‘}, 


T 
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The principal poles may be of one name, or of two names. 

Every nonpolar feature is read twelve times on the solid , viz. thrice about the pole p of 
every principal axis. 

A zoneless hexarchaxine polyedron has six quintuple janal principal axes, ten triple 
janal secondary axes, and fifteen double janal tertiary axes. Its zonoid signature is 

S={20 (,,+/;), 30(<r;+/;)+or"h 

where 

gives the secondary, and , 

the tertiary poles. 

Every non-polar feature is read sixty times on the solid, viz. five times about each 
extremity of every principal axis. 

Zoneless polyarchaxincs arc easily constructed on zoned ones, by drawing lines in 
every principal, or secondary, or tertiary face, by which the zones arc destroyed, and the 
repetition preserved ; or by crowning like polar faces with polyedra which have a zoneless 
repetition of equal rank. 

We shall see, by our processes of construction, that we always know the name of the 
pole opposite to any zoned or zoncless pole that we may be handling ; for we always 

know the character (V.) of the axis ; but the number of edges in that opposite pole is 

• • 

not thereby given. 

We know of course the edges of every pole that we construct, but when the axis is 
heteroid, we do not always know the exact edges of the pole opposed. 

Hence it may happen, in high values of P and Q, that we do not always know the 
exact feature opposite to a given principal pole of a tetrarchaxinc. But this is not of 
the least consequence in our problem ; and if we should wish to know what is the exact 
feature so opposite, a question that never arises in our argument, we can easily determine 
the point by other considerations. 


a p+Jp—^ 


3. Mixed symmetry. 

XXII. The polyedra which have a mixed symmetry are — 

a. r-zoned homozone polyedra. 
h. r-ple monozone monaxine polyedra. 

Homozone axes. — Let M M' be two identical r-zoned polyedra having a 2m-gonal polar 
face F. There are m edges of F between two contiguous traces (VII.), wherefore the 
traces of F are either all agonal, or all diagonal. Let the identical polar faces FE' of M 
and M' be so united that the trace t of F shall .cover the trace t of F' of different con- 
figuration from t (VII.). Let pp' be two contiguous terminations of traces in the united 
faces FF' ; and let PP' be the poles the r-zoned janal axis of the solid MM'. The 
sequence FpF'p' is a repetition ; there is therefore a pole of even repetition between p and 
p\ which is a zoneless pole, because no zone by hypothesis intervenes between p and p'; 
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and there will be 2 r of these zoneless poles ; one central between every two hemizones 
about the r-zoned axis. And as the same sequence PpP 'p' is read about them all, the 
2r*zoneless poles have all one configuration, or configurations of which one is the 
reflected image of another. 

Let PP' be the only principal axis of the solid ; then, as the pole P can recur only 
twice in a revolution about the zoneless poles, they are all of double repetition. Where- 
fore there are r-janal%nd similar axes of zoneless double repetition in a plane perpendi- 
cular to the r-zoned axis PP'. 

1. Let r be odd; then every zone of the axis PP' is perpendicular to one of the 
r zoneless axes, or symmetry would be impossible ; and it is consequently a repeating zone, 
of which every non-polar feature is an objanal monozone feature , i. e. a feature f diame- 
trically opposite to another which is to an opposite eye the inverted image oif (art. IV.). 

Further, when r is odd, the poles aa' of any one of the r zoneless axes are contrajanal 
poles : for, if not, the axis aa' will be strictly j anal, such that two opposite eyes in the 
axis will read exactly the same configurations from left to right : therefore the axis PP' 
perpendicular to aa' will be an axis of even repetition, since the same pole a recurs 
exactly in half a revolution about PP'; which is absurd, because, r being odd, PP' is an 
axis of odd repetition (XVIII.). 

Therefore aa' is, when r is odd, a contrajanal axis. 

2. Let r be even ; then because the axis PP' is of even repetition, the configurations 
read by two opposite eyes in the axis aa' are strictly identical, and a a' is a zoneless 2-ple 
strictly janal axis. 

When r is even, either zone of M conspires to form the zone of the solid (MM'), as is 
evident from the position of the trace t upon the trace t 1 . For this reason the solid is 
called homozone , the two zones of M being confounded together. And this name is con- 
veniently used to designate the solid (MM'), whether r be odd or even. 

The axis PP' is an r-zoned homozone axis. 

When r>2, the axis PP' is a principal axis, and the solid is a homozone monarchaxine 
polyedron. When r= 2, there is no principal axis (XX.), as the zoned axis has, like the 
two zoneless ones, but a 2-ple repetition. The 2-zoned homozone is a triaxine homozone 
polyedron. 

The zonal and zonoid signatures of the r-zoned homozone polyedron, for v odd^r even* 

Z={(2«r,+2<7)(2/,+2G) 0 ; 0; 0 ’° 0 s4 }, 

°’p+/r+ ac = 1 » and a=0, if r>2, 

£=2r{f,-fp,H-0 4 }, 

describes the zoneless pole. 

Every non-polar zoned feature is read on the solid 2r times, namely, once in each hemi- 
zone about the zoned axis. 

t 2 


are 

where 

where 
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Every nonpolar zoneless feature is read 4r times, viz. twice about each of the 2 r zone- 
less poles. 

In our construction the edges of the united faces IT' form a circuit of zonoid edges, 
generally effaceable, so that the zoneless axes may become amphiedral. But we shall 
learn that there are homozones which have no such lines effaced or effaceable. 

Homozone polyedra are the following : — 



0 D 


In the first the 4-zoned axis has polar tessaraces, and the four 2-ple zoneless axes are 
amphigrammic. The signatures of A are — 

Z={(2.1 P +2.1)(2.3) 0 a i 0 2,2 }(/p=a=0), 

5= W* (v=*,=o). 

The signatures of the 3-zoned homozone B are — 

Z={(2.1,+2.1)(2.3)(0 ai 0 a8 }, 

?= 6 { 0 ;}. 

It has polar triaces, and three amphigrammic 2-ple zoneless axes. 

C is a 2-zoned homozone, i. e. a triaxinc homozone, whose zoned axis is amphigrammic, 
the two zoneless ones being amphigonal. The signatures are — 

z={(2.1)(2.2) o; o; 0'-'}(<r p =f p =g=a=0), 

?={4.1,}(4>,=«=0). 

The fourth, D, has au amphigrammic zoned axis, and two amphiedral zoneless axes. 
Its signatures are— 

Z={(2.1X2.2)0,0; <>■•'}, 

$;={4.1,}, (c,=*=0). 
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Homozones may be easily constructed by drawing janal 


reticulations like the following: 





The interior marginal triangles are supposed to present in the inferior face of the reti- 
culation precisely the configuration formed by the exterior ones in the upper polar face. 

The first is a 4-zoned homozone reticulation, which becomes a 4-zoncd homozonc 
polyedron, if crowned in both the upper and lower faces by octaces whose rays pass to 
the eight marginal triangles. 

The second is a 4-zoned monarchaxine reticulation, and becomes a 2-zoncd homozone 
polyedron, if crowned in the upper face by an octace upon the four upper marginal 
triangles and upon the four summits 12 3 4, and if crowned below by an octace upon the 
four lower triangles and upon the summits 1' 2' 3' 4'. The same reticulation in the third 

*V 

figure becomes a 2-zoned homozonc polyedron, if crowned above by a hexace upon the 
four upper triangles and on the points 1 2, and by a hcxace bblow on the lower marginal 
triangles and on the points 1'2', whereby the points 12 1' 2' become four zoned triaccs. 

XXIII. Monaxine monozone polyedra . — Let F be a polar face of any 3-fr-ple zoneless 
axis a of a polyedron P, and let P be placed on a mirror by the face F. The solid (PP') 
formed by P and its image P' is a 3-J-r-plc monozonc monaxine polyedron. 

The zoneless axis (ecu') of the solid (PP') is contrajanal (IV.), and in the plane of the 
mirror there is a 3-|-r times repeating zone , where r may be odd or even. 

The zonal signature of the solid is, putting r ( =3-|-r, 

Z =r,{g, G, 0°, 0 4 }, 

which has gr t zoned summits of g configurations, Gr , zoned faces of G configurations, &c. 

Every zoneless feature except the two zoneless poles is read 2r ; times on the r,-ple 
monozone monaxine. 

The designation of monaxine contrajanal belongs to these solids in strictness, as well as 
to those of art. XIX. But there can never be any confusion in our terms, if the zoneless 
polyedra of XIX. be called by that name, which is to be understood as zonelcss, if the 
term monozone be wanting.* 

A 2-ple monaxine monozone is 

whose zonal signature 

Z=2{1, 2, 0*} (a= 0). 

The zoneless axis is amphigrammfc, 2-ple and contrajanal. Monaxine 
monozones are readily constructed on simple reticulations like these: 
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The former is a 4-ple monaxine monozone reticulation, which becomes a 4-ple monaxine 
monozone polyedron, if crowned in both the opposite polar faces by octaces upon the 
eight marginal triangles. 

The latter is a 4-zoned monarchaxine reticulation, which becomes a 4-ple monaxine 
monozone polyedron, if crowned both above and below by octaces through the same four 
points 12 3 4 and through the marginal triangles. By such coronation the principal 
zones of the reticulation are destroyed, but the 4-ple repetition is preserved, and the 
secondary zone of the reticulation in the plane of the page is preserved also. 

XXIV. Theorem. There cannot he more than one 'principal axis in a mixed sym- 
metry. 

For we have proved (XIII., XIV.) that the only systems of principal axes are those 
of the regular polyedra. 

In a zoned polyarchaxine there can be no zonelcss poles ; for if there were one, there 
would be one at least in every interzonal region, i. e. there would be 24, 48, or 120 ; 
and such a number of similar poles has been proved impossible in XIII. 

For a like reason there can be no zoned pole about any of the zoneless poles of a 
polyarchaxine, and consequently no zone ; for if there were one zone there would be 
many, and therefore zoned axes and poles. Hence the theorem is proved. 

From this theorem it follows that there cannot be in the solid PP' of the preceding 
article any other axis than act'. For if there were another, either (1) ua! would be a prin- 
cipal axis, or (2) there would be one principal axis of more than (3-fr)-ple repetition, 
or (3) there would be no principal axis. 

1. If act' be a principal axis, every secondary axis (3 will be at right angles to uu', 
otherwise there would be more than one axis (ua') in the sequence repeated about /3, 
which is impossible by the preceding theorem ; and (3 will be a 2m-ple axis, because 
the pole a occurs in half a revolution about (3 ; but there is no axis of even repetition at 
right angles to ua' by the reasoning of XXII. because ua' is contrajanal. Therefore uu' 
is no principal axis. 

2. If there be a principal axis A different from uu', since it is not at right angles to 
the zone FF, there will be, by the definition of a zone (II.), more than one such axis A, 
which is impossible by the preceding theorem. 

3. If there be no principal axis, there will be at least about the pole of uu', 3 +r 
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identical poles of (3-fr)-ple repetition, and these will form by the reasoning of XIII. 
a polyarchipolar system, which is absurd, if there be no principal axis. . 

It is therefore impossible that there can be any axis in PP' except aa', unless 
r y =2=3-f-P in the preceding article. 

If we had taken « a double axis, we might or might not have completed in that 
article a monaxine monozone. Nothing prevents the existence of other double axes a, 
each perpendicular to a different zone (F). 

The solid (PP') constructed might thus have been a(2wi-j-l)-zoned homozonc, having 
contrajanal double axes (XXII.). 


4. Neuter Symmetry. 

XXV. The polycdra which have a neuter symmetry arc of one species only, viz., 

Contrajanal anaxine polycdra. — Let F be any 2wi-gonal zoneless non-polar face of a 
polyedron P, and let P be placed on a mirror by the face F, and turned through two 
right angles, while the image P' remains unmoved. The solid PP' constructed by P so 
turned, and by the image P', may be a contrajanal anaxine polyedron . It will be such, 
if it has neither pole nor zone. 

It is evident that to any edge ab, on one side of the mirror, there corresponds another 
diametrically opposite edge ap t , on the other side, in the image, such that the configura- 
tion seen along ab to the right is that read along ap t to the left. The edges of the solid 
(PP') in all cases form janal anaxine pairs (ab, apj of edges diametrically opposite, 
unless P be such that by our construction we have completed a zoned or polar symmetry, 
in which case certain of the pairs will be zoned or polar. 

Every feature f is twice read on a contrajanal anaxine polyedron, namely , f and its 
reflected image. 

Here is a contrajanal anaxine 10-edron 10-acron, where the A 
dotted lines are supposed below the page. The configuration 
read along ab to the left is that read by an opposite eye along • 
a'b' to the right, and the same is true of any other pair be, b'd. 

This solid is formed by crowning with edges ab, a'b' the contra- 
janal penesolid below on the left. B r 

The same solid is constructed by drawing the janal anaxine pair , 




AB', A'B, in the quadrilaterals A 'dBa, Aa'B'c, of the 2-ple monaxine monozone poly- 
edron on the right, whereby both the zone and the axis are destroyed. 
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Observe that the term janal along with ancucine always means contrajanal. 

XXVI. Def. A janal anaxine pair on any polyedron are any two edges ab, a y b, diametric 
catty opposite , non-polar, and zoneless , such that the configuration read along ab to the 
right is exactly that read by an opposite eye along a ( b, to the left. 

A janal anaxine A-gon ( or A-ace) is any zoneless non-polar face {or summit ) whose A 
edges form with those of an opposite A-gon (or A-ace) A janal anaxine m pairs. 

For example, A' and A are janal anaxine triaces in the last-drawn polyedron. 

Thus we see that there arc janal anaxine edges in solids which are not janal anaxine 
polyedra. 

XXVII. It is important that we should here determine what kinds of polyedra have 
janal anaxine pairs. 

1. Let P be a polyedron of zoned or mixed symmetry which has janal anaxine pairs. 
The janal anaxine pair ab , ap j will either meet on a zone Z, or ab will meet a'b' and aft, 
will meet a'b] on a zone Z (II.). The pair ab, ajb, being diametrically opposite may be 
supposed parallels. Then the zoncless ab meets its reflected image alb', and a t b t meets 
ab on Z, and the angle (ab, a’b) has exactly the configuration of (ab], ajb), and is dia- 
metrically opposite thereto. 

Hence Z must be a repeating zone, to which an axis of even repetition is perpendicular, 
for the same configuration recurs about that axis in half a revolution. 

It is then requisite and sufficient, in order that a zoned polyedron have janal anaxine 
pairs, that it have a zone perpendicular to an axis, zoned or zoneless, of even repetition. 

XXVIII. The (2m-f-l)-zoned monarchaxine (XII.) has none of its 2m-f*l secondary 
axes perpendicular to a zone; for each of these axes is in one of the 2m +1 zones. 

The (2m.-\-\)-zoned monarchaxine has no janal anaxine edge. 

The 2m-zoned monarchaxine polyedron has every secondary axis in one zone and 
perpendicular to another (XI., VII.). 

The 2m-zoned monarchaxine has janal anaxine pairs. 

The (2m-\r\)-ple mowxine monozone has them not, the axis being of odd repetition. 

The 2m -pie monaxine monozone has such edges. 

The (2ro-\-\)-zoned homozone has them (XXII.). 

The 2m-zoned homozone has them not. 

The zoned triarchaxine polyedron has each of its six tertiary axes in two of its nine 
zones, and perpendicular to one of them, otherwise symmetry would be impossible. 

The zoned triarchaxine has janal anaxine edges. 

No secondary axis of a zoned tetrarchaxine is perpendicular t6 any of its six zones, 
for this axis is in two of them. 

The zoned tetrarchaxine has no janal anaxine edges. 

Each of the fifteen tertiary axes of a zoned hexarchaxine is in two of the fifteen 
zones, wherefore it is perpendicular to one of them, or symmetry would be impossible. 

The zoned hexarchaxine has janal anaxine edges. 

XXIX. 2. Let P be a polyedron of zoneless symmetry which has janal anaxine edges. 
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The edge ab makes with the zoneless pole u of P a configuration which is the reflected 
image of that made by the opposite edge ajb, with the opposite pole a of a janal axis. 
The only zoneless polyedron whose opposite janal poles can have such a configuration 
is the r-plc monaxine contrajanal polyedron (XIX.). 

And we see, by considering the repeated sequence of faces above and below any closed 
line drawn or drthvable on the polyedron equidistant from both poles, as, for example, 
(XIX.), 

ABCDABCD 

CD ABCD AB, for r even (=2), 

and 

ABCDABCDABCD 
CDABCDABCDAB, for r odd (=3), 

A ... A . C 

that the edge q diametrically opposite to ^ in the former docs not, but that the edge 

diametrically opposite to ^ in the latter, does present, to two eyes either in the plane of 

A 

the sequence or at the poles, a contrajanal configuration as compared with the first edge 

The same thing is easily proved by taking any sequence of 2m faces, and comparing 
the cases of r odd and r even. 

The same thing is also proved thus. If ab, ajb , are a janal anaxine pair about a zone- 
less axis of r-ple repetition, the line bisecting the* two edges is a diameter (XXV.), and 
the plane containing it and the axis is a diametral plane. There are about the axis r — 1 
other similar janal anaxine diameters symmetrically disposed; and such symmetry is 
evidently impossible unless r— 1 be even, that is, unless r be odd. 

The x-ple monaxine contrajanal polyedron has janal anaxine pairs if r be odd , but not if r 
be even. 

In all other zoneless polyedra, the opposite poles of a janal axis have configurations 
which are exact repetitions of each other to opposite eyes, wherefore the configuration 
read by one eye along an edge ab, which configuration includes the pole, cannot bo the 
reflected image of that read along ajb, by an opposite eye. 

No polyedron of zoneless symmetry , except the monaxine contrajanal , has janal anaxine 
edges. 

XXX. We have proved that janal anaxine edges are found in the polyedra following : — 

1. Th$ zoned triaxines {XI.) ; 

2. The 2m-zoned monarchaxines (XII.) ; 

3. The (2m-f*3)-zoned homozones (XXII.) ; 

4. The zoned triarchaxines (XV.); 

5. The zoned hexarchaxines (XVII.) ; 

6. The 2m-ple monaxine monozones (XXIII.) ; 

7. The 2m+l-ple monaxine contrajanals (XIX.). 

Every zoneless and non-polar edge on these solids is a janal anaxine edge. 

MDCCCLXII. u 
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The signatures, zonal and zonoid, give the number of polar, zonal, and epizonal edges of 
the polyedron, whereby that of the zoneless and non-polar is accurately known; and as 
the number of repetitions of every feature is known by what precedes, the exact number 
of different janal anaxine pairs upon all these solids is given by our signatures. 

Registration of P-edra Q-acra and Q-edra P -acra. 

XXXI. It has been shown that all possible symmetrical P-edra Q-acra are comprised 
in the preceding classes. They arc thus registered. 


Tables A. 

1. Zoned Symmetry. 

1. Monozone P-edra Q-acra (HI.), 

(PQ){Z}=A, 

where A is the number of monozones which have the zonal signature Z. 

2. Zoned monaxine hcteroids (VJIT., IX.), 

(PQ)Y- {ZZ'}=B, 

(PQ)Y£T{ Z} = C, 

where B is the number of these solids having the zonal signatures ZZ' and a heteroid 
2r-zoned axis, of which Y expresses the character and nothing more (V.). In the same 
way, we record that there are C (2r+3)-zoncd hcteroids, having a given character of axis , 
and a given zonal signature Z. 

We are content to know about these solids what is here registered, without asking 
what arc the exact polar features ; for we have a separate table of polar summits and 
laces, in which every polar A-ace and A-gon is recorded, with its zones, and with the 
character of its axis. If the question should arise, which, however, never does arise in 
our problem, what is the exact feature opposite to a given heteroid pole, it can easily be 
determined by reference to our processes of construction. 

3. Zoned triaxines (XII.), 

(PQ)(Y^Y; 2 ){ZZ'Z"}=D, 

where the zonal signature and characters of the janal axes of the D polyedra are 
recorded. 

4. Zoned monarchaxines (XII.), 

(PQ)x^ a w^{zz / z"}=E, 

(PQ)X£ +3 Y]S rf { ZZ" }=F, 

where X denotes an axis whose polar features are exactly registered, the principal poles 
being always known on these solids, and recorded with their zonal traces. 

5. Zoned triarchaxines (XV.), 

3 (PQ)x;,y^y; u {zz ;/ }=g. 

The principal janal poles are always registered with their traces. The secondary and 
tertiary poles may not be exactly given. 
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6. Zoned tetrarchaxines (XVI.), 

4 (PQ)YLY£{Z}=h. 

The number of edges in the two heteroid principal poles, and in the janal secondary- 
poles, may not always be known in this Table. 

7. Zoned hexarchaxines (XVII.), 

fl '(PQ)X^Y^{Z}=I. 

2. Zoneless Symmetry . 

8. Zoneless r -pie monaxine hetcroids (XVIII.), 

(PQ)YL=J (r> 1), 

where the absence of zonal and zonoid signature, and tlie heteroid axis, ai’c character- 
istic of the class. 

9. Zoneless r -pie monaxine contrajanals (XIX.), 

(PQ)X;, yV ,=lv (r > 1 ), 

where the polar feature is exactly registered. 

10. Zoneless triaxines (XX.), 

'(PQ)y/«y;«y^=L. 

Here are symbols y of double janal zoneless axes, of which not even the characters (V.) 
are registered. We shall see that it suffices for our problem to know the number L of 
all zoneless triaxine P-edra Q-aora. All the poles of them will be found in the follow- 
ing Table, which enumerates with exact description all janal poles. All that we care to 
know more of these L solids is how many amphigrammic axes they contain, and this we 
shall readily determine in the proper place (XU.). 

11. Zoneless 2r -pie. See. monarchaxines (XX.), 

(PQ)X# Yj a Y'/ a {£}=M, (r>l), 

(PQ)Xj; + YLe {£}=N, 

(PQ)X;„ Y L {&= N', 

(PQ)Y?, y;l pA , 0 (O=n". 

In all these £ denotes the zonoid signature common, as well as the other characters 
specified, to all the solids registered in the number M, N, See. 

The only zoneless monarchaxines, in which there can be any doubt about the number 
of edges in their principal poles, are those which have triple janal axes perpendicular to 
amphiedral, amphigonal, or amphigrammic secondary axes (XXXVIII.). 

12. Zoneless triarchaxines (XXI.), 

8 (PQ^,Y^{0=P, 

in which the principal poles axe exactly specified, and where the zonoid signature gives 
the characters of the secondary and tertiary poles. 

u 2 
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13. Zoneless tetrarchaxines (XXI.), 

4 (PQ)YL,Y;»{?}=Q. 

We may not know always the edges in the pole opposed to a given tetrarchipole. 

14. Zoneless hexarchaxines (XXI.), 

6 (PQ)x^y;»{0=R* 

There are but few values of P and Q for which polyarchaxine polyedra are possible ; and 
the ambiguities above denoted with respect to their principal poles can only exist for 
high values of P and Q, such as will not be calculated for a millennium or two. 

3. Mixed Symmetry. 

15. (r+3}jpfe monaxine monozones (XXIII.), 

(PQ)»o. mo x^{Z}=s, 

( PQ) mo . m oY? 0 y«{Z}^S', 

where the exact polar features are always known, except for 2-ple axes. This is, how- 
ever, sufficient for our purpose, as we shall see (XXXIX.). 

16. Homozones 2r-zoned and (2r+l )-zoned (XXII.). 

(PQUX£ Yj> { ZO=T,(^l), 

(PQ) Aow XOT oya { ZO=T' (r> 1), 
(PQUY^Y^{»* # ZO=U, 

(PQ^y; y;„ { 4 zo=w. 

In all these entries the first axis is zoned, the second zoneless. In the third, U, 3> ®Z 
denotes a zonal signature of the triarchaxine form, or hexarchaxine, or possibly of both 
forms. When such a zone occurs in homozones along with a zonoid signature show- 
ing poles of a name not excluded from Z, we may not always know the exact edges of 
the zoned pole ( # vide XXXVII., XXXIX.). 

When this ambiguity does not exist, the numbers U and W (where 4 Z denotes a 
signature of the tetrarchaxine form) will not be found in our Table ; and they can only 
present themselves for high values of P and Q, which will not be calculated for the next 
thousand years. But it is enough for us that the numbers U W are exactly known, as 
this suffices for our problem. 

4. Neuter Symmetry. 

17. Janal anaxine jaolytdra (XXV.), 

(PQk~=B, 

in which there is neither zone nor pole, 5 being the entire number of the solids. 
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5. Asymmetric Polyedra. 

18. (PQ) a ,=0, 

giving the entire number 0 of the solids. 

This completes the Tables A of P-edra Q-acra, in which it is understood that every 
zonal and zonoid signature, and every zoneless repetition (r) will be found entered. 
Another such Table is made of the Q-edra P-acra, which will have the form 

(QP) {Z}=A, 

(QP)Y 2r {Z}=B, &c., 

where the signatures will differ from the preceding only in the exchange of faces for 
summits, and of zonal for epizonal edges. 

Registration ofjanal poles of Y-edra Q-acra and Q-edra V-acra. 

Tables B. 

XXXII. Ajanal zoned polar A-gon, which is always the termination ofajanal zoned 
axis, is described by its zonal traces in one of the following manners : — 

A ni'di A m.ag A 2 h.ngdi A n.di A n.ag A n.mo A n.mo 

” Ja ? "/a ? uhj ? ^obj 5 "/a ? obj ? 

where m is an odd or even number of traces diagonal or agonal, as the case may be, h is 
any number of diagonal alternate with as many agonal traces, and n is any odd number 
of traces, agonal, diagonal or monogonal, as the case may be, in the pole of a janal or 
objanal axis. 

A janal polar zoncless A-gon is described thus by its repetition, 

\r A r 

coja * 

where r may be odd or even, the axis being janal or contrajanal. The summits of the 
A-gon form a sequence of configuration r times repeated in the circuit of the A-gon. 

Def. Ajanal zoned axis is heterozone , if the polyedron has zones of more than one con- 
figuration. 

Thus all janal zoned axes are conveniently divided into heterozone and homozone. A 
homozone axis or pole has but one zonal signature, as the solid has zones only of one 
configuration (XXII.). A heterozone axis or pole has always two or three zonal signa- 
tures. The 2r-zoned heterozone pole has two different zones about its axis ; the (2r+l)- 
zoned heterozone has only one zonal configuration about the principal axis ; but it has 
also a secondary zone of different configuration (VII.). Hence the term heterozone 
applies usefully whether the number of principal zones be odd or even. 

Heterozone janal polar faces . 

A %*• sF{ZZ’Z"}=«, 

A% M sF{ZZ'Z"}=$, {r>l}, 

A%-° gii sF { ZZ'Z" } = e, 
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where Z" always denotes the zone perpendicular to the axis of the registered janal 
pole. 

The number s is that of the summits of the solid not in the A-gon, i. e. inferior to the 
A-gon ; and F is the number of faces different from it, that is, inferior to it. 

We have here 

P=F+1, Q=A+s. 

We read that there are a A-gonal janal poles having r agonal traces of the zone Z, and 
r agonal traces of 71 \ and a zone 71' perpendicular to the axis of the A-gons. We read 
also c A-gonal janal poles having r agonal traces of Z and r diagonal traces of 71, with 
the secondary zone Z". 

When 2r=4, the numbers a, h, c, when ZZ'Z are the zoned signatures, will comprise 
the archipolar A-gons of triarchaxincs having the zones ZZ'. 

When 2r=2, the numbers a, b, c enumerate the polar A-gons secondary in zoned 
monarcliaxincs, those of zoned triaxines, the tertiary polar A-gons of zoned triarchaxincs 
and liexarchaxines, for the signatures may be ZZ Z, or ZZZ, the case of the hexareh- 
axines. In this latter case only the term hctcrozonc is improperly applied to any polar 
face above registered. 

All (2 r +3) -zoned heterozone A-gons are registered thus: 

Ajr +3; “*.s-F{ZZ"} =d, 

A}: r+3)di sF{7Z"}=e, 

A£ + 3mo sF{71/l'}=f 

Principal janal polar faces of zoned Pobja rch axin cs . 

3 A#sF{ZZ"}=0„ 

6 A^F{ Z }=0 2 , 

where Ay means 4 ag or Adi, and 5 y means bay, bdi or 5 mo, as the case may be. 

Badical janal polar faces of zoned Polyarchaocines. 

3 Ma d ja SF {7171') =& x , 

*Mad.obj8F\ z 

It is necessary, as we shall hereafter learn (§ 16.), to have a separate Table of all the 
radical archipoles of the polyarchaxines, which are, however, supposed to be included 
in the numbers 6 X and A, above written. 

A radical poly archipole janal or hetcroid , whether face or summit , is a principal pole 
of a polyarchaxine collateral with other principal poles of the solid. 

The triarchipoles will be found also under the numbers a , b , c (r=2) ; for nothing 
prevents them being constructed and handled as monarchaxine poles. 

The hexarchipoles may be constructed and handled as homozone poles, and they will 
consequently be found also in the Table following. This will, however, create no con- 
fusion in our results. There are no janal tretrarchipoles 4 A. 
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Homozone janal polar faces (XXII.). 

A J? *F{Z?}=0, 

A'7 3 ^F{Z0=/*, 

where y stands for the traces ay , di, mo, agdi , as the case may be. Z is the zonal, and 
£ the zonoid signature. 

When r=l, the g homozones recorded are homozone triaxines (XXII.). 

The number h will contain every secondary polar A-gon of all triarchaxines, and every 
primary and secondary polar A-gon of all hexarchaxines ; for all these faces are in 
repeating zones to which axis of 2-ple (zoned) repetition is perpendicular. 

The number g(r= 1) will contain every secondary polar A-gon of a tetrarchaxine, for 
this solid has homozone secondary axes (XVI.). 

Zoneless janal polar faces . 

xxxiii. a;; 3 sF{ £ >=*, 

A r+:t «F/Z" \ — 7 
\ r + h 

■^co.ja 0 *- tno.cn n * 

The first are monarehaxine janals (XX.), with zonoid signature; the second arc mon- 
axinc monozones, with the signature of the zone perpendicular to the zoneless axis 
(XXIII.); the third are monaxine contrajanals of (r-f-2)-plc repetition (XIX.). 

Zoneless janal polyarchipolar faces. 
s Ay„sF \'Q=<p„ 

6 A ja sY{Q=<p 2 . 

Radical zoneless janal golyarckipolcs (§ 10.). 

3 A rad . ja s-F\Q=v\, 

*A ra ^F 

The register of janal polar faces is completed by the 2-ple janal and contrajanal polar 
faces, the contrajanal axis being perpendicular to a zone. The janal arc entered thus, 

Ay a $F=Z, 

without zonoid signature ; for since we can construct no janal symmetry on such a pair 
of opposite A-gons (as we shall see), but that of a zoneless triaxine, we require no 
account of the axes perpendicular to a that terminated by the A-gon. 

This axis « being janal, must be perpendicular to two other 2wi-ple janal axes, (3 and 
y (XX.); and the polyedron may be either a 2r-ple monarehaxine, of which « is a 
secondary axis, or it may be a zoneless triaxine, of which a, |3, y (XX.) are three axes ; 
or it may be, when /3 or y is zoned, a 2r-zoned homozone (XXII.) (r>l). 

Whatever the polyedron may be, any constructions on the opposite 2-ple A-gons will 
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degrade the symmetry about any higher axis /3, zoned or zoneless, to which a may be 
secondary, and the janal constructions will be all zonelcss triaxines. For the entire 
symmetry about a 2r-ple axis (3 cannot be preserved, if r > 1, by janal constructions on 
the poles of one only of the t axes a perpendicular to (3 ; that is, (3, by constructions 
on a only, is degraded to a 2-ple repetition. 

When (3 is a 2r-zoned homozone axis, y and a are identical in configuration ; and any 
janal construction on the poles of a destroys the zones, and (3 becomes a zoneless 2-ple 
axis. 

When the 2-ple axis is contrajanal, and perpendicular to a zone, it is entered thus, 

Al Ja s¥\Z"\ =m, 

with the zone to which it is perpendicular. The solid on which A is found may be 
either a (2r-f-3)-ple homozone (XXII.), or a 2-ple monaxine monozone. In either case 
the A-gon is the reciprocal of a 2-ple A-ace constructed by our processes as a monaxine 
monozone, having a 2-plc contrajanal axis perpendicular to a given zone, and the entry 
is made as above. The only possible polar janal constructions on the two contrajanal 
polar faces are 2-ple monaxine monozones. 

Janal amphigrammic poles. 

The register of janal poles is completed by the janal polar edges of amphigrammic 
axes, zoned and zoneless. 

The pojpr edge is registered as the intersection of two A-gons ; and we write 

s'=Q-2A-f-2 

for the number of summits of the P-edron Q-acron not in the A-gons, and 

F=P— 2 

for that of the faces distinct from them. 

(AA)%« dl s'F{ZZ'Z"\=n, 

(AA);rVF'{ Z£ \=p, 

(AA)J a s'F' =g. 

We read that there are n different polar edges of janal A-gons epizonal in Z and zonal 
in Z', Z" being perpendicular to the amphigrammic axis. 

We read that there are jp polar edges of A-gons, both zonal and epizonal in Z, and 
perpendicular to zoneless axes of given zonoid signature. 

And there are q amphigrammic zoneless axes, whose polar edges are intersections of 
A-gons. We have no occasion here to register any zonoid signature of other axes. 

The n edges may be tertiary poles of zoned triarchaxines or hexarchaxines, or secon- 
daries in zoned monarchaxincs, or in zoned triaxines. In the first of these four cases 
we shall read Z=Z', in the second, Z=Z'=Z". 

The jp edges are either zoned poles of homozone triaxines, or possibly secondaries of 
zoned tetrarchaxines (XL.), if Z is a tetrarchaxine zonal signature. 
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The q zoneless polar edges may be tertiaries of zoneless hexarchaxines or triarch- 
axines, or secondaries of zoneless tetrarchaxines or monarchaxines, or poles of zoneless 
triaxines or homozone triaxines, or secondaries in m-zoned homozones, or axes of 2-ple 
monaxine monozones, or of 2-ple monaxine contrajanals. In any case we require no 
account of their symmetry, janal or contrajanal, as these polar edges can never be, like 
polar faces, the subjects of constructions. It suffices for our purpose that we know 
exactly the number of all janal zoned and zoneless ampkigrammic axes. 

Our object here is to state clearly what our Tables are supposed to contain. The 
mode of obtaining the Tables will be discussed in the sequel. 

Registration of polar and nonpolar faces of F-edra Q-acra and Q-acra F-edra. 

Tables C. 

XXXIV. In these Tables will be found all the janal poles of the preceding Tables, 
as well as all heteroid polar faces. No symmetry is registered here but that of the face, 
therefore there is no account of poles secondary to the one considered. But the charac- 
ter of the axis (V.) is always suffixed, by one of the abbreviations, 

am.go , am.ed, am.gr, go.gr, go.ed, ed.go. 

We shall write x as the symbol of such abbreviation. 

Zoned polar faces. 

AT sF{7tZ'\ =a, 

Ar* sFjZZ'f =b, 

A* agii «F{ZZ'|=c, 

A? r +"«sF\ Z }=d, 

A< ar+,)a *sF{ Z \ =e, 

A ( f +1)mo sF\ Z }=f. 

Here s and F are the summits and faces inferior to the A-gon. 

We read that there are c A-gons which have r agonal traces of Z and r diagonal 
traces of Z", of which A-gons some mil be janal and others heteroid poles. 

Zoned Tetrarchipoles. 

\A* sF{Zf=0„ 

<A& x sF{Z}=4 

which, being heteroid poles, could not appeal* in the preceding Tables of polyarchipoles. 
The y denotes the traces. 

Zoneless polar faces. 

Aj^Fssg ( r> 1), 

showing that g A-gons have an r-ple zoneless repetition and the character x of axis, of 
which some will be janal and Others heteroid poles. 
mdccclxii. x 
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Zoneless Tetrarchipoles. ' 

4 A l sF{Q=<p„ . V' 

4 AJ ails 5F {£} =p 3 . 

Zoned non-polar faces. 

A**F{Zf=d', 

A a *sF {Z[ =e', 

A~*F{Z}=f. ■ 1 

Here there is no axis to be characterized. 

Objanal monozone faces. 

A"/F \Z\ =j, 

A$»F{Z}=k, 

A$«F{Z}=1. 

These are certain of the above zoned nonpolar faces , which have an objanal sym- 
metry by reason of their being faces in a repeating zone, to which an axis (a) of even 
repetition, zoned or zoneless, is perpendicular. This axis (a) appears not in this Table, 
but appears in general in the Tables which we shall learn to construct of perfect objanal 
monozone summits , which are the reciprocals of the faces here registered. Whatever a 
may be, the only janal symmetrical constructions possible on these faces are objanal 
monozone summits or reticulations, or simply janal anaxine pairs of edges, of whose 
construction we shall treat hereafter (§ 17.). The enumeration of our results is not 
dependent on our knowledge of the zoned or zoneless axis (a). 

Zoneless nonpolar faces. 

Janal anaxine faces (XXVI.). 

A ja . an sF=h. 

Asymmetric faces. 

A a /F=i. 

This number i includes the h A-gons of the preceding entry of janal anaxine faces. 

No face is enumerated under the numbers ghi, which is the reflected image of another. 

Similar Tables, B and C, are supposed completed for the Q-edra P-acra; And they 
are all obtained from those of the reciprocal summits which we shall learn to con- 
struct, and which are conceived as included in these Tables. 

The janal polar summits (Table B) and the polar summits (Table C) can be con- 
structed for both Q-edra P-acra and P-edra Q-aera, by writing summits for faces and 
zonal for epizonal edges in all the signatures above given. 
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Registration of edges of¥-edra Q -acra and Q-aera P -edra. 

Tables D. 

Polar edges. 

XXXV. (AA),s'F {ZZ,\ =a', 

(AA)IJF IW =b\ 

where x is aunyr, go.gr , or atf.ipr (V.). Here or. means asow* or zoneless. 

P=F'+2, 

Q=« , +2.A— 2. 

The amphigrammic polar edges may be either janal or heteroid. When they are 
janal, they will of course be found both in this Table and in the Table B of janal poles 
(XXXII., XXXIII.). 

Nonpolar zoned edges. 

(AB)^F'|Z}=c'(B^A), 

{AA)JF{Z\=d\ 

which record d edges, each the intersection of a B-gon and A-gon, and each epizonal in 
the zone Z, and d' edges of A-gons zonal in Z. 

The number d\ and also the number d, when B=A, will not include polar edges of 
A-gons above entered in the zone Z, a signature which may belong equally to polar and 
to monozone poly edra (IX.). 

Janal anaxine edges. 

(AB ) Ja . on dF'=d (B<A), 

showing that there are d different janal anaxine edges of intersection of an A-gon and a 
B-gon, on all the P-edra Q-acra. 

Asymmetric edges. 

{AB)JF=f (B<A), 

which records the entire number f \ including d last registered, of asymmetric intersec- 
tions of an A-gon with a B-gon on all the P-edra Q-acra. 

One at least of the faces about each of th ef edges here registered is zoneless and 
non-polar, otherwise the edge would not be zoneless and non-polar. One of the faces 
may be polar or zonal non-polar. Thus we see that asymmetric or janal anaxine edges 
are found in faces which are not asymmetric nor janal anaxine faces (XXVI.). 

Our Tables D of P-acra Q-edra would give us a Table D of the above edges in terms 
of the summits of the edges ; but such a Table is of no use to us. 

. When the Tables A, B, C, D (XXXI. to XXXV.) are completed for P-edra Q-acra and 
Q-edra P-acra, so that no two features are recorded of which one is the reflected image 
of another, our problem of enumeration and classification of P-edra Q-acra is perfectly 
solved; and we shall see that. we have the power of continuing such Tables to higher 

values of Panda 


x 2 
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It is necessary to determine what data are required, and how they are to be employed, 
for the completion of these Tables ; and next to find the means of obtaining these data. 
This will all be discussed, and the requisite general formulae will be recorded, in the 
following sections. 

Section 2. — Problem of Classification and Enumeration of the V-edra Q-acra. 

XXXVI. (a) Let us suppose given for all polyedra of fewer than P+Q-— 2 edges, 
as far as we require them, the Tables A, B, C, D (XXXI. . . XXXV.). 

(b) Let us suppose given for all the P-edra Q-acra, and for all the Q-edra P-acra, P 
and Q being definite numbers, all the polyarchaxine polyedra, with their poles and 
signatures, as entered in XXXI., XXXII., XXXIV. 

(c) We suppose known also for P-edra Q-acra and for Q-edra P-acra all janal poles , 
with their signatures, as entered in Tables B (XXXII., XXXIII.). 

(d) Let us conceive that all polar faces and summits of the same solids are known, as 
entered in Tables C (XXXIV.), and all polar edges, as entered in Tables D (XXXV.). 

(e) Likewise all objanal monozone faces of the same solids, as entered in Tables C 
(XXXIV.). 

(f) And also all monozone faces which have a diagonal trace of a single zone, i. e. the 
number d' of Tables C (XXXIV.), for all signatures A and Z. 

(g) And, finally, let us suppose that all the edges are given of Table D (XXXV.), 
for P-edra Q-acra, and for Q-cdra P-acra. 

We suppose given in the data (a), (b), (c), (d), (e), (f), (g), the numbers GHIPQR 
of Tables A (XXXI.), and all the Tables B, C, D, except only the numbers e', f', h, i 
of Tables C. 

All the remaining numbers entered in Table A, and the numbers e', f ', h, i of Table C, 
can be determined by the data (a), (b), (c), (d), (e), (f), (g). 

When this has been proved, and when we have shown that we can obtain the data 
(a) . . . (g), our problem will be solved. 

XXXVII. We have first to show that the data (a), (b) . . . (g) suffice for the determi- 
nation of the sought numbers in Tables A and C. Tnese numbers we shall consider in 
the order following:— EFTT'UKMNN'N''S'SDWLBCJAEe in Table A (XXXI.), and 
e f ', h, i in Tables C (XXXIV.). 

One difficulty of our problem lies in the danger incurred of enumerating the same 
solid more than once. Thus, all janal and objanal principal secondary or tertiary poles 
of zoned or zoneless polyarchaxines will be constructed by our processes simply as janal 
poles of a single axis : and we cannot be certain, without consideration, when we con- 
struct a 5-ple, 4-ple, 3-ple, or 2-ple axis, zoned or zoneless, that we do not thereby com- 
plete a polyarchaxine. 

For example, if we load all the principal faces but two opposite ones of a regular 
12-edron with 5-gonal pyramids (pentaces, £#>?), we have in the two void faces an amphi- 
edral axis of a 6-zoned homozone polyedron. If in our processes we were to charge this 
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on its two pentagon poles with pentaces, we should certainly thereby construct an amphi- 
gonal 6-zoned homozone axis. But it would be an error to enumerate the construction 
among the homozones, for we have evidently here only completed a hexarchaxine. 

In like manner, in constructing a 2-zoned janal axis, we cannot be sure that we have 
not been completing, by secondary or tertiary poles, a monarchaxine or a polyarchaxine. 

E. F. 

E. 2r -zoned monarchaannes (XXXI.). — When r> 2, every 2r-zoned heterozone polar 
face of Table B (XXXII.) gives a distinct 2r-zoned monarchaxine of the number E ; for 
no polyarchaxine has a (6-f-2w&)-ple pole. Wherefore E is given for r> 2, by (a, b, c) 
Table B (XXXII.), and the exact poles of the 2r-zoned axis are known and can be 
registered for either polar faces or for their reciprocal summits. 

Let r= 2, 2r=4 ; and let J, be the entire number of 4-zoned A-gonal poles having 
given traces (XXXII.) and the zonal signatures {ZZ'Z"}. Some of these J y poles may 
be principal poles of triarchaxines. When Z" is not identical with one of the zones 
ZZ', this cannot happen, because no triarchaxine has three zonal signatures. 

In the case then of ZZ'Z" all different, every one of the J, poles gives a different 
4-zoned monarchaxine, and jthey can be registered thus in Table A, 

(PQ) A# Y£,Y? { ZZ'Z" } =J / =E, 

an entry which gives all that is indicated under the number E ; for the principal pole is 
seen, and the signatures ZZ'Z" give exactly the characters of the other poles and axes. 
Here y denotes the traces of the A-gonal pole. 

Let next J„ be the number of 4-zoned A-gonal polar faces in Table B which have 
Z"=Z' and definite traces and signatures; and let J be the number of triarchaxines in 
5, Table A, which have a principal A-gonal face with the same traces and signatures 
{ZZ'} (a) XXXVI. We have the number E in this case thus: — 

J // —j == ( PQ) A$ Y- a Y? { ZZ'Z' } =E. 

F. (2r-\-\)-zoned monarchcmnes. — No zoned polyarchaxine (XV., XVI., XVII.) has 
(2r+l)-gonal poles properly janal. Therefore every janal (2r+l)-zoned pole of Table 
B gives one of the F polyedra required, with its signatures. 

TF. 2x-zoned and (2r+l )-zoned Homozones (XXXI.). — No polyarchaxine has a 
2r-zoned homozone axis, if r > 1. Therefore all the poles registered under the number g, 
Table B, give polyedra here required with all their signatures, of the number T, for 
r>l. 

No polyarchaxine has a (2r-f l)-zoned homozone axis, if r>2 ; therefore all the poles 
entered under the number h in Table B, give polyedra to be entered under T' in Table A, 
with their signatures, for 2r+l>5. And the numbers TT' are thus completed for the 
above values of r. 

^ A;vF{'ZO=c 

be the number of 5-zoned janal poles entered under the number h in Table B, having 
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t. h*» zone 6 Z of h«tftwhMi»n > signature (XVII.), y denoting the traces; and let £ found 
in the c poles with ®Z have a zonoid pole of name not excluded from °Z. Then every 
principal polar A-gon of an hexarchaxine having those traces and the zone *Z is included 
in the number c. The Tables of XXXL give us the number d of the hexarchaxines 
which have this pole and zone by our hypothesis (a) XXXVI. Wherefore for this value 

**=2, c _ < /=T'=(PQ)AXY?,{ fl ZO 

is the number T' required for these signatures. 

TJ. (16. XXXI.). Let m l be the entire number of 3-zoned homozone polar faces 
A, A, A 3 ... under the number h (XXXII.), which have the zonal signature Z ;/ of the tri- 
archaxine form (XV.) or of the hexarchaxine form (XVII.), or of both, a thing quite 
possible (XVII.); and let £ in these homozonc poles have a pole of name not excluded 
from Z /( . 

Let m 6 be the entire number of hexarchaxines having any secondary polar faces and 
this signature Z H , and let m 3 be the entire number of triarchaxines having any secondary 
polar faces and this signature /„ ; then 

for all of the m 1 3-zoned homozone poles which are not secondary polar faces of hexarch- 
axines or triarchaxines, are to be enumerated as poles of 3-zoned homozone polyedra. 

K. r-ple monaxine contrajanals (9, XXXI.). 

XXXVin. There can be no ambiguity in the enumeration of the r-ple monaxine con- 
trajanals ; for by its name and definition the solid can have no pole out of its single axis 
(XIX.). Wherefore every pole registered under the number k , Table B (XXIII.), gives 
a distinct polyedron of the number K under consideration. 

MNN'N" (11, XXXI.). 

Zoneless monarcliaxines. 

No polyarchaxine has more than a 5-ple repetition. Hence for (r+3)> 5, every pole 
registered under the number i in Table B (XXXIII.) gives one of the M solids with its 
signature when r+3 (Table B) is even, and one of the N solids if r-j-3 is odd. 

M. For r= 4, every janal pole registered in Table B under i, which is not archipolar 
on a zoneless triarchaxine, gives a 4-ple zoneless monarchaxine of the number M. 

The only principal triarchaxine poles in the number i (XXXIII.) are among those 
4-ple poles in which £ has poles of one name only (XXI.). Let n, be the entire number 
of 4-ple janal A-gons («, XXXIII.) having poles of one given name only; and let n„ be 
the number of zoneless A-gonal triarchipoles in Table A (5, XXXI.) which have tertiary 
poles of that name. Then is the number of 4-ple zoneless monarchaxine A-gsas 
having this zonoid signature and this gives the entry 

*,-«,=( (XXXI.). 
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N. Farr =5 (i, XXXIII.), every janal pole not archipolar on a zoneless hexarchaxine 
(XXXI.), or not having poles in £ of one name only, gives a 5-ple zoneless monarchaxine 
of the number N (XXXI.). When 5-ple zoneless A-gons are constructed which have 
poles of one name only in £, and which are found also in hexarchaxines having tertiary 
poles of that name, we obtain N in the same way as above by subtraction for 2r-f5=5. 

N\ For r= 3, the Table of triple zoneless poles (XXXIII.) which have not amphiedral, 
amphigonal, or amphigrammic secondary poles described in and which axes therefore 
cannot be tertiary axes in any triarchaxine or hexarchaxine (for these have all janal ter- 
tiary axes), gives exactly the number of triple zoneless monarchaxines of the signature. 

N". Let be the number of triple janal zoneless poles, of all terminating features, of 
an axis of given character, perpendicular to amphiedral secondary axes, i. e. showing in 
£ only polar faces; and lety be the number of zoneless hexarchaxines, and y ' that of 
zoneless triarchaxines whose secondary and tertiary axes have the same characters (given 
by the signatures under the numbers P and R (XXXI.)) with those p axes and these 
secondaries: we have 

^-y _y'=( PQ)Y; a Y^{^ = n;, 

where X? a can be written for Yj„, i fy=y'=0. 

In the same manner we can obtain N 3 for amphigonal and N 3 ' for amphigrammic 
secondary axes. lienee 

n h =n;+n 3 ’+n; (ii, xxxi.) 

is given, and all zoneless monarchaxines can be enumerated both for P-edra Q-acra, and 
for Q-edra and P-acra. 

SS', monaxine monozones. 

XXXIX. S. Every (3+r)-ple pole (j, XXXIII.) of a monaxine monozone gives a 
polyedron of the number S (XXXI.), with the proper signature Z. 

S' (XXXI.). Let s be the number of 2-ple contrajanal poles (a) of given character 
(V.), under the number m (XXXIII.), and having the zonal signature Z"; and let s' be 
the entire number of the (2r+l)-zoned homozones (XXXII. h) which have the zone Z", 
and in their zonoid signature £ a pole of the name a. Then 

s-s'=(PQU BW YL ya {Z"}=S' (XXXI.); 
which is thus known for every zone 7/ and for every character of axis. 

D. Zoned triaxines (3, XXXI.). 

XL. The Table B gives (a, h, c, XXXII.; w, XXXIII.) I for the number of 2-zoncd 
heterozone poles of all names which are in zonal signatures ZZ'Z", Z'Z ,f Z, or Z"ZZ', which 
are all the same, the last-written zone in Table B being perpendicular to the axis carry- 
ing the janal pole recorded. If this be identical with one of the first two written zones, 
the pole may he tertiary on a zoned triarchaxine (XV.); if all the three signatures are 
alike, the pole may he tertiary on a hexarchaxine (XVII.); or the pole may he secondary 
on a 2r-zoned monarchaxinc (XII.), whatever be the signatures. 
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The dumber l comprises d tertiary poles of hexarchaxines, d, tertiary poles of triarch- 
axines, and 2 d u secondary poles (XI.) of monarchaxines, which all have these zonal sig- 
natures. All other poles must be in zoned triaxines having these signatures ; whence, 
as each (XII.) has three poles, we obtain, since d, d p and d n are given, 

D:=£(J-d-ri,-2<y (XXXI.). 

W. Homozone triaxines (16, XXXI.). 

There is never any ambiguity about the zoned poles of homozone triaxines, except 
when the zone, save in p subscribed, is of the form of a tetrarchaxine signature ( 4 Z) 
(XVI.), and when at the same time the pole named in £ has the name of the secondary 
pole of the tetrarchaxine, named in ( 4 Z). 

There are under the numbers g, p (XXXII., XXXIII.), Jc, 2-zoned homozone poles 
of all terminating features of a given name, which have the zone ( 4 Z) containing, 
though of course without^? subscribed (XVII.), the feature named as secondary pole in 
Z, I aud there are (6, XXXI.) Jc tt tetrarchaxincs having this zonal signature, and the 
secondary pole named in £. 

Wherefore 

is the number of homozonc triaxines which have these signatures { 4 Z£}. 

It is worth while to show how the ambiguity spoken of can arise. 

If we charge all the faces of a tetraedron P with tetraedra, and then efface two oppo- 
site edges of P, we obtain the solid here figured, where 12 3 5 are 
the summits of P, and 52 and 13 are the effaced edges. This is a 
liomozone triaxine, in which the edges 32, 21, 15, 53 of P have 
become zoneless polar edges. 

This homozone will be registered in our Table ; and if, as will 
inevitably happen in our processes, we draw the polar edges 52, 

13, we construct a homozone amphigrammic axis to which two 
2-ple axes are perpendicular. But it would be an error to register the construction as a 
homozone triaxine ; for it has a tetrarchaxine signature, and the same zonoid poles 
which the figured homozone has, and which can be made to appear by p subscribed in 
the ^bnal signature. We have simply completed a zoned tetrarchaxine. And this 
ambiguity may occur in far more complex constructions, in which the secondary poles 
may be faces or summits. 

If, however, when we have completed a 2-zoned homozone by coronation either with 
lines as above, or with a pair of summits, we find that we have completed a zo nal signa- 
ture of tetrarchaxine form, which has no zonal faces, while our zonoid signature £ shows 
a polar face, we have completed no tetrarchaxine. 

L. Zoneless triaxines (10, XXXI.). 

XLI. The Table B (XXXIII.) of janal poles (Jmq) gives the entire number of 2-ple 





$ 2. XLL-XUII.] EEV. T. P. KIBKMAN ON THE THEOEY OF THE POLYEDEA. 161 

janal and contrajanal zoneless poles. Let these be 

fjb' being the number of amphiedral and amphigonal together, and q that of the amphi- 
grammic. 

Every zoneless polyarchaxine has one double zoneless pole, secondary or tertiary ; 
every homozone polyedron has one ; every 2r-ple monarchaxine* has two (XX.), and 
every 2-plc monaxine contrajanal has one ; and these, by what precedes, are all enume- 
rated. The zonoid signatures show in all cases how many of these secondary and 
tertiary or sole axes are amphigrammic. Let the number be 

m i of amphigonal and amphiedral together ; 
m a of amphigrammic poles. 

All the poles, except m^m v are poles of zoneless triaxines ; for they can be nothing 
else, these being the only janal polyedra not already disposed of. 

As each triaxine (XX.) has three of these poles, then are 

L (10, XXXI.) 

zoneless triaxines, on which are q—m a amphigrammic axes. Thus the entire number of 
polar edges on these L solids is known , and consequently the number of their different non - 
polar edges. 

We have thus demonstrated that we can enumerate by the data of art. XXXVI. all 
the janal polar P-edra Q-acra and Q-cdra P-acra. 

B, C. r -zoned monaxine heteroids (2. XXXI.). 

XLII. Let £ be the number of different poles, in Table C (XXXIV.), terminating an 
r-zoned axis of given character and of given zonal signature {Z} or {ZZ"}. Let b' be the 
number of these S poles found on polyarchaxine monarchaxine and triaxine, lieterozone 
or homozone, polyedra (XXXII.), in the same signature. All the rest must be heteroid 
poles of which every monaxine heteroid has two. Hence 

i($-$')=B or =C (XXXI.), 

according as r is even or odd, is the number of r-zoned monaxine heteroids having 
this signature. 

J. r pie zoneless monaxine hetei'oids (8, XXXI.). 

XLIII. Let s be tire number of zoneless poles terminating on r-ple axis of given 
character Y, in the Table C (XXXIV.). Let s, be the number of poles terminating 
r-ple zoneless axes of the character Y in the polyarchaxine monarchaxine triaxine and 
monaxine contrajanal, zoneless polyedra. This s / is known by what precedes, and g ; =s0 
of course, if r> 3, and if the axis be gonoedral, edrogrammic, or gonogrammic. All the 
rest of the i poles are on r-ple monaxine heteroids, which contain each two of them. 

Henco *(«-«, )=j, 

and J is given for all values of r>l, and for every character of axis. 
mdccclxii. Y 
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Thus all polar polyedra, zoned or zoneless, can be exactly registered, and as the signa- 
tures give the number of polar and zoned edges on them all, we know upon them all the 
number of different zoneless and nonpolar edges. 

A. Monozone V-edra Q-acra. 

XL1V. Let Z be any zonal signature having h epizonal (or zonal) edges, without p 
subscribed. Let E be the number of non-polar epizonal (or zonal) edges which are 
found in the zone under the number d (or d') in Table D (XXXV.); and let E' be the 
number of different non-polar epizonal (or zonal) edges read in the zone Z, which will of 
course here showj) subscribed (IX.) upon all the zoned polar P-edra Q-acra. This E ; is 
given by inspection of signatures, and the instalment of it contributed by different polar 
polyedra will vary according to the manner in which Z is written in their signatures 
(IX.) (XVII.). 

The number of epizonals (or zonals) in Z found upon monozones will be E — E', and 
as each solid has (III.) h of these, we obtain 

» 

j(E-E')=A (1.XXXI.) 

for the number of monozone P-edra Q-acra having the signature Z. 

But it may be that 5=0, or that Z has neither zonal nor epizonal edges. In that case 
/ must have only diagonally traced summits. Let s be the number of these summits, 
which are by hypothesis non-polar. We have in the datum (f) (XXXYI.) the number 
d' of diagonally traced summits non-polar in the zone Z, that are found on the P-edra 
Q-acra which have or have not zoned axes. And inspection of the signatures of all zoned 
axes previously enumerated tells us how many different non-polar summits in Z these 
axial solids contain. Let this be d' 1 . Then 


is the number of monozone P-edra Q-acra which have the zone Z. 

Thus all monozone P-edra Q-acra and Q-edra P-acra of all zonal signatures can be 
registered, and the number of their zoned edges being given by their signatures , that of ttiemr 
different zoneless edges is known. 

E. Janal anaxine V-edra Q-acra (17, XXXI.). 

XLY. Let G be the entire of janal anaxine pairs entered in Table D (XXXY.) of 
the P-edra Q-acra ; and let G be the number of janal anaxine pairs on all the solids 
enumerated in art. XXX. G is known by inspection of signatures of polyedra already 
constructed. Then, as every janal anaxine polyedron has ^(P-J-Q— 2) of these pairs, 

p T | = 2(G-G')=S (17.XXXL) 
is the number of those polyedra. 
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©. Asymmetric polyedra (18, XXXI.). 

XLVI. Let 1 be the entire number of asymmetric edges on the P-edra Q-acra, which 
are found in Table D (XXXV.). We have shown that the number of repetitions of 
every zoneless non-polar feature is given for all the symmetrical polyedra ; and as the 
signatures give the number of polar and zoned edges on them all, we know how. many 
different zoneless and non-polar edges are on them all. 

Let this number be J' ; then 

is the number of the asymmetric P-edra Q-acra. 


XLVII. e', f'. Monozone faces ofP-edra Q-acra (XXXIV.). 

The number d' (XXXIV.) is supposed already known (f) (XXXVI.). 

Let A ab be the number of non-polar edges epizonal in the zone Z (XXXV., d) 
(g) (XXXIV.), which are the intersection of an A-gon and a B-gon. 

Let 

2A aa +A ab -|-A A c+ . . —h A( z) 

be the entire number of different edges of A-gons, epizonal in Z, where we write 2 
because these edges are each in two different A-gons. 

The Table of polar faces (XXXII.) gives us the entire number of different edges of 
A-gons that arc epizonal non-pplar in Z in polar faces. A polar face may have either 
one trace or two different traces, whose signature is Z ; for the two zones, though of dif- 
ferent configuration, may have the same signature. In all cases, the number of different 
epizonals in Z of that polar face is given by inspection. 

Let p MZ) be the whole number of non-polar epizonals in Z of polar A-gons. There 
remain 

^A(Z) — JPa(Z) 

edges epizonal in Z of A-gons, which edges are in non-polar A-gons. When A is even, 
each A-gon has two of them; when A is odd, each A-gon has only one of them. 
Wherefore for A even, 

i(AA( Z) -i>A(Z))=A^F{Z}=e' (XXXIV.), 

and for A odd, 

/*A( Z) -i>A (Z ) =A mo sF{Z} = f' (XXXIV.). 

We can therefore enumerate all the monozone faces of the P-edra Q-acra, and of the 
Q-edra P-acra, and register each with its trace and zonal signature. 

XLVI II. Objanal monotone faces . — When Z of the preceding article is the signature 
of a repeating zone, certain of the A-gons just enumerated will be the objanal mono* 
zone faces of (e), XXXVI. It is important that the objanal monozone faces should be 
separately registered, and it will be necessary to subtract these ^-gons when they exist 
from the number of A-gons just found, in order that the monotone A-gons , which have 
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a trace of Z, may be' understood as not being objanal monozone. We shall find that 
objanal monozone summits are obtained by construction, and by these we know the 
reciprocal faces. 

h, XXXIV. Janal anaxine A-gons of the V-edra Q-acra. 

XLIX. By (g) XXXYI. and e', XXXV., we know the number 

2(AA ja . a J+(AB J ,. a J+(AC J ,. an )+ . . =(A J , a ) 

of janal anaxine edges of A-gons, where we write 2(AA JOO „), because these edges are 
each in two different A-gons. 

Some of these A-gons are polar and some zoned non-polar, the rest being janal 
anaxine A-gons. 

The polar zoned A-gons arc exactly those found on the first five of the seven classes 
of polyedra named in art. XXX. ; and they are all either heterozone 2r-zoned A-gons 
(r> 1), or homozonc (2r+3)-zoned A-gons (r^< 0), or hcxarchaxine 2-zoned A-gons, which 
can only improperly be called heterozone, since their (tertiary) axis is perpendicular to 
a zone identical with its own two zones (XXXII). Now these are precisely the polar 
A-gons enumerated under the numbers a , b, c, XXXII. (r > 0), and under the number 
h (XXXII.) for r^O. 

Wherefore we know by inspection of signatures the number of different zoncless edges 
in these zoned polar A-gons. 

The polar zoneless A-gons of the third and last but one of the seven classes of art. 
XXX. are all either principal poles of (2r+4)-ple monaxine monozones, which are 
found under the number^' (XXXIII.), for all odd values of r; or they are 2-plc poles 
of monaxine monozones, or 2-ple poles of (2r+3)-zoned homozones, which 2-pl« A-gons 
arc all found entered under the number m (XXXIII.). 

The polar zoneless A-gons of the last of the seven classes of XXX. are all entered 
under the number k (XXXIII.), for r=2w+l. 

Inspection of the signatures of repetition in all these polar A-gons, zoned or zoneless, 
gives us the number of different zoneless non-polar edges, that is of janal anaxine edges, 
in them all. Let this number be (A'- 0 ). 

The zoned non-polar A-gons are all given by (e) XXXVI., under the numbers (j, k, 1) 
XXXIV. ; whence that of their different zoneless edges is given also. Let this be (A"J. 
Then all the remaining 

(a,.)-(a;„)-(a;.) 

janal anaxine edges of A-gons must be found in janal anaxine A-gcfns (XXVI.); and if 
we consider, as we may without confusion, the 2(AA) ia . an above written as double edges, 
we can say that all these remaining edges are found in no A-gons which are not janal 
ahaxinc. Each A-gon has A of them ; wherefore 

(A ; . a )-(^ a )--(A; a ) =h (xxxiv.) 
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is the number of the janal anaxine A-gons on all the P-edra Q-acra, or of janal anaxine 
A-aces in the Q-edra P-acra. 

« 

i. Asymmetric A-gons ofV-edra Q-acra (XXXIV.). 

L. We know by (g), XXXVI., the number of asymmetric edges of A-gons of P-edra 
Q-acra, which are all entered under the number f 1 (XXXV.). We have 

2(AA a# )+(AB <M )+(AC (M )+ . . =A at 

for this entire number. By inspection of our Table C (XXXIV.), we see that there 
are in all the polar and zoned A-gons entered under a, b, c, d, e, f, d', e', f' (XXXIV.), 
which comprise all the symmetric A-gons of Table C, the number A^, of different 
zoneless non-polar edges in these A-gons. The remaining A^— A^ must be all edges in 
asymmetric A-gons ; wherefore 

(XXXIV.) 

is the number of asymmetric A-gons of the P-edra Q-acra. If we would know the 
number i" of these which are not janal anaxine A-gons, we have 

Afl* - - ’ Ao*"— Aj a -f* A/.a-f Aj, a 

-i- — a • 

A 

• 

As the Tables A, B, C, D are supposed to contain the same account of the features both 
of P-edra Q-acra and of Q-cdra P-acra, we can obtain all the results of XXXVII. . . . L. 
alike for both P-edra Q-acra and for Q-edra P-acra and with every face enumerated, 
we have also its reciprocal summit. 

Thus we have demonstrated, in this second section, that the data of art. XXXVI. are 
sufficient for the entire completion of the Tables A, B, C, D (XXXI. . . . XXXV.), for 
faces and for summits. 

All that remains for the complete solution of our problem of classification and 
enumeration of the P-edra Q-acra and Q-edra P-acra, is that we show how these data 
(XXXVI.) can be obtained and registered without ambiguity or repetition. We shall 
consider first the reciprocals of the faces (d) (f) (XXXVI.), and the fcdgcs (g) (XXXVI.). 


Note ok Articles XLIX. akd L. — The number A a, in art. L. is intended to comprise all edges of 
zoneless non-polar A-gons, and should have been defined as including the numbers V and of XXXV.; 
for these, although symmetric edges, are often edges of asymmetric A-gonB. The reader will therefore con- 
ceive that the numbers (AA) a *, ?0 ,=6' and (AA)«: =<f, for every zonal signature, are included in tho third 
line of L. And by the first-named edges in the seventh lino of L. are meant edges not epizonal in those 
A-gons. In like manner the number (A/. 0 .) in XLIX. is intended to comprise all zoneless polar edges, and 
all zonal edges in all zones, of A-gons on the solids of XXX. ; for these are often edges of janal anaxine 
A-gons. The polars are in our signatures ; the zonals ought to have been registered in a separate table in 
XXXV. as objanal zonal edges, *. e. edges (AA) 0 6.*o. (of A-gons) in a repeating zone (XXVJLl.). These are 
either diagonal traces drawn in objanal monozone (2Ars»2)-gons, or crowning edges of (2A— 2)-gonal objanal 
monozone penesolids, of which we shall obtain in the sequel an accurate account. This will be all made clear 
in our applications. 
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VIII. On a New Series of Organic Compounds containing Boron. 

By Dr. E. Fbankland, F.B.S. 

Received May 15, — Read May 22, 1862. 

The substitution of a compound organic radical for an elementary constituent in inorganic 
compounds has proved itself to be one of the most important and fertile fields of modem 
chemical investigation. The application of this species of substitution to the inorganic 
compounds of metals has called into existence an entirely new and extensive family of 
organic substances — the organo-metallic compounds, bodies never met with in nature, 
distinguished by their well-marked affinities, and capable in some instances of effecting, 
in their turn, numerous substitutions of a like character. The realization of a similar 
substitution in the case of certain inorganic compounds of nitrogen and phosphorus 
has, in the hands of Hofmann - , not only enriched the science with a host of new and 
interesting compounds, but has also brought our knowledge of the organic bases to a 
degree of completeness, which cannot be rivalled in any other class of organic compounds. 
Lastly, attempts have not been wanting to extend these reactions to the oxygen com- 
pounds of the metalloids ; and although this portion of the field presents difficulties of a 
somewhat more formidable character, yet these attempts have not unfrequently been 
attended with success. Thus nitric oxide has been transformed into dinitrocthylic and 
dinitromethylic acids*; sulphurous anhydride into ethylodithionic and methylotri- 
thionic acids f; and carbonic anhydride into propionic and acetic acids $. 

The last-named reaction, confirming, as it did, the view previously expressed by Kolbe 
and myself §, that organic compounds in general are nothing more than substitutions of 
this nature effected in carbonic oxide, in carbonic acid, and possibly in other inorganic 
compounds of carbon, naturally awakened a desire to extend this inquiry to the oxygen 
compounds of boron and silicon, which are usually regarded as possessing certain im- 
portant analogies with carbonic anhydride. With this end in view, boracic ether was 
submitted to the action of zincethyl by Mr. Duppa and myself. We found that the 
whole of the oxygen in boracic acid became replaced by ethyl, and in a short communi- 
cation to the Royal Society ||, we described some of the properties of the remarkable 
body, boric ethide, thus formed. In the further study of this substance, and the exten- 

• Philosophical Transactions for 1857, p. 59. 

t Journal of Chemical Society, voL x. p. 55, and p. 243. 

t Ibid. vol. xi. p. 103 ; and Proceedings of the Royal Society, vol. x. p. 4. 

§ Ann. der Chem. und Pharm. Bd. ci. s. 257. Proceedings of the Royal Institution of Great Britain for 
1858. 

|| Proceedings of the Royal Society, vol, x. p. 568. 
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sion of the research to the homologous methyl compound, I much regret having been 
deprived of the cooperation of my friend and fellow-labourer who had rendered me 
such valuable assistance at the commencement of the investigation, but who was 
reluctantly compelled to abandon its further prosecution. 

The first attempt to replace oxygen by ethyl in boracic anhydride was made by 
exposing the latter in a finely pulverized condition to the action of zincethyl at various 
temperatures, but it was found that the zincethyl was utterly powerless to effect the 
desired substitution; neither did the anhydrous acid yield in the slightest degree to 
Wanklyn’s compound of sodiumethyl and zincethyl, although it was digested and 
heated with it for several days. There could scarcely be a doubt that the intractability 
of the anhydride was due in great measure to its total insolubility in the surrounding 
liquid, and therefore, in order to place it under conditions more favourable for the action 
of the organo-metallic body, it was converteJ into boracic ether. 

The ether was prepared by Rose’s process*, which consists in distilling an intimate 
mixture of sulphovinate of potash and dried borax. The best proportions were found 
to be two parts by weight of borax, and three parts of the sulphovinate ; but the yield of 
ether was very small, the greater part of the product consisting of alcohol. The removal 
of the latter by rectification, as recommended by Rose, involved the loss of much ether ; 
recourse was therefore had to chloride of calcium for its abstraction, a method which 
gave very satisfactory results, the product of pure ether being more than doubled. 
The folloAving is a sketch of the process finally adopted. About 3 lbs. of the mixed 
borax and sulphovinate of potash were put into an ordinary Papin’s digester, which was 
placed in a sand-bath and exposed to a very gradually increasing heat so long as volatile 
products came over. The crude distillate obtained from several such operations was 
then treated with about one-fourth of its weight of fused chloride of calcium, and 
agitated until the latter was dissolved. The liquid now separated into two layers, ft 
lower one consisting of an alcoholic solution of chloride of calcium, and an upper one 
containing nearly all the boracic ether, which retained only a small proportion of alcohol 
in solution. The upper layer was decanted and submitted to distillation. It began to 
boil at about 85° C., but the thermometer soon rose to 118° C., between which tempe- 
rature and 125° C. the greater part of the remaining liquid passed over and was reserved 
for the purposes of the investigation. A thick oily liquid remained in the retort, and 
appeared to consist of boracic acid united with a smaller proportion of oxide of ethyl. 

On adding zincethyl to the boracic ether thus prepared, a considerable elevation of 
temperature gradually occurred, whilst at the same time a most penetrating and peculiar 
odour was developed, due apparently to the vapour of some volatile body, that not 
unfrequently burst into flame, when the cork was removed from the flask in which the 
reaction took place. Some preliminary experiments showed that this volatile body 
could be distilled unchanged from the mixture, and that it was neither miscible with, 
hor apparently decomposed by, water. It was also spontaneously inflammable, and the 

* Poqoendobfi’s ‘ Annaleo,’ Bd. xcviii. s. 245. 
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beautiful green flame with which it burnt demonstrated the presence of boron as one of 
its constituents. 

In order to prepare this body in sufficient quantity, several ounces of boracic ether 
were placed in a capacious flask closed by a doubly perforated cork. Through one of 
these perforations passed a thermometer, and through the other a short glass tube, one* 
fourth of an inch in diameter, and open at both ends: the bulb of the thermometer 
dipped into the boracic ether. Successive quantities of pure zincethyl were introduced 
through the short glass tube by means of a pipette, the elevation of temperature after 
each addition being allowed to subside before the next portion was added. The failure 
of a further addition of zincethyl to produce any rise of temperature was regarded as 
evidence of the completion of the reaction, which was not attained until a comparatively 
very large amount of zincethyl had been added. 

The liquid in the flask was now submitted to distillation in an oil-bath. It began to 
boil at 94° C., and between this temperature and 140° C. a considerable quantity of a 
colourless liquid distilled over. The distillation then suddenly stopped, and, to avoid 
secondary products of decomposition-by the application of a greater heat, the operation 
was interrupted. On cooling, the materials remaining in the flask solidified to a mass 
of large crystals of ethylate of zinc and zincethyl. On rectification, the distillate began 
to boil at 70° C., but the thermometer rapidly rose to 95°, at which temperature the last 
two-thirds of the liquid passed over and were received apart. The product thus collected 
exhibited a constant boiling-point on redistillation. 

The combustion with oxide of copper of this liquid and the remaining boron com- 
pounds described in this paper presented some difficulties ; owing partly to the volatility 
of boracic acid in aqueous vapour, and partly to the tendency of that acid when fused 
to encase particles of carbon and prevent their oxidation: Fortunately the errors thus 
introduced were not so considerable as to throw any doubts upon the analytical results, 
although in many cases the excess in the percentage of hydrogen and the deficiency in 
that of carbon are somewhat greater than usual. To estimate the boron in the liquid 
obtained as above described, advantage was taken of the complete decomposition of the 
compound when heated to 100° with concentrated nitric acid in sealed tubes. The 
whole of the boron was in this way converted into boracic acid, but the latter could not 
be determined by the direct evaporation of the nitric acid solution, the loss of boracic 
acid amounting in such an operation to 15 or 20 per cent, of the whole amount. None 
of the known processes for estimating this acid appeared to be eligible in the present 
instance, and it therefore became necessary to seek for a new one. After the trial of 
various methods with but indifferent success, the following experiments showed that the 
evaporation of the acid solution of boracic acid with a known weight of magnesia in 
excess, the residue, being then ignited, presented a process which, although far from 
rigidly accurate, could not, in the case of the boron compound to be analysed, diminish 
the amount of boron to a greater extent than about 0*2 per cent. 
mdccclxu. z 
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I. 1*4310 grm. of boracic acid, treated as above described, suffered a loss equal to 
2*55 per cent, of boracic acid, or *73 per cent, of boron. 

II. *5957 grm. boracic acid, similarly treated, lost *56 per cent, of boron. 

III. 2*2477 grm. boracic acid, similarly treated, lost *35 per cent, of boron. 

IV. 1*1845 grm. boracic acid lost *51 per cent, of boron. 

V. *4125 grm. boracic acid experienced neither loss nor gain. 

VI. *8398 grm. boracic acid lost *48 per cent, of boron. 

VII. 1*1637 grm. boracic acid lost *58 per cent, of boron. * 

VIII. 1*4601 grm. boracic acid lost *57 per cent, of boron. 

IX. 1*6307 grm. boracic acid lost *47 per cent, of boron. 

Submitted to analysis, the new boron compound yielded the following results : — 

I. *1307 grm. gave *3506 grm. carbonic acid and *1818 grm. water. 

II. *1144 grm. gave *3068 grm. carbonic acid and *1625 grm. water. 

III. *1071 grm. gave *0380 grm. boracic acid. 


These numbers agree with the formula 

fC, h 5 

H 5 
|c 4 H s . 

Calculated. Found. 


Cp . 

r 

. . 72 

s 

73-56 

r~ 

I. 

73-16 

II. 

73-14 

III. 

Mean. 

73*15 

H u • 

. . 15 

15*42 

15*45 

15-78 


15*61 

B . 

. . 10*9 

11*03 


— 

11*08 

11*08 


97*9 

HKMK) 




99*84 


The new body may be conveniently termed boric ethide. It is evidently formed by 
the replacement of the three atoms of oxygen in boracic acid by three atoms of ethyl, 
according to the following equation : — 


[^h 5 o 2 

2B<|c 4 H 5 0 2 + 3Zn 2 [^ 5 = 


Boracic ether. 


j C 4 H 5 

2B<jc 4 H 5 + 6 U4t±5 

C 4 H, 


Zn 


jo 2 . 


Zincethyl. Boric ethide. 


Ethylate 
of zinc. 


The ethylate of zinc thus produced combines with zincethyl to form the crystalline 
compound above alluded to. Hence the very large amount of zincethyl which was 
found necessary to complete the reaction. 

Boric ethide possesses the following properties It is a colourless mobile liquid of a 
pungent odour; its vapour is very irritating to the mucous membrane, and provokes a 
copious flow of tears. The specific gravity of boric ethide at 23° C. is -6961 ; it boils 
at 95° C. A determination of the specific gravity of its vapour by Gay-Lussac’s method 
gqye the following numbers .*■ — 
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Weight of boric ethide *2839 grm. 

Observed volume of vapour 96*68 cub. centims. 

Temperature of oil-bath . 149° C. 

Height of barometer 760*5 millims. 

Height of mercury inside of tube above that outside . 1*5 millim. 

Height of column of oil 328*0 millims. 

0 0 • « • * 

From these data the specific gravity of the vapour was calculated to be 3*4006. This 
number agrees very closely with that calculated upon the supposition that boric ethide 
is volumetrically composed like terchloride of boron, as is seen from the following 


calculation : — 

1 vol. Boron vapour *75319 

3vols. Ethyl 6*0117 


The 4 vols. condensed to 2 vols. . # . 2)6*76489 

J3-38244 

The density of boric ethide vapour increases considerably as the temperature 
approaches the boiling-point; thus a determination male at 132° gave the number 
3*5979, whilst a second showed the specific gravity of the vapour at 101**6 to be no less 
than 3*757. 

Boric ethide is insoluble in water, and is very slowly decomposed by prolonged con- 
tact with it. Iodine has scarcely any action upon it even at 100°C. It floats upon 
concentrated nitric acid for several minutes without change; but suddenly a violent 
reaction takes place, and crystals of boracic acid separate. When boric ethide vapour 
comes in contact with air, it produces slight bluish-white fumes, which in the dark are 
seen to proceed from a lambent blue flame. The liquid is spontaneously inflammable 
in air, burning with a beautiful green and somewhat fuliginous flame. In contact with 
pure oxygen it explodes. Excluded from the air, boric ethide is quite a stable body ; a 
quantity of it kept in a sealed tube for two years exhibited, on examination, no evidence 
of any alteration. 

When boric ethide is heated to 99° C. with strong hydrochloric acid over mercury, a 
considerable quantity of hydride of ethyl is slowly evolved; *0517 grm. of boric ethide, 
thus treated as long as gas was evolved, gave 35*33 cubic centimetres at ITT C. and 
248*4 millimetres mercurial pressure, corresponding to 11*11 cub. centims. at 0°C. and 
760 millim s. pressure. The reaction 

fQ f C 4 H 5 p tti 

b ) c 4 h 5 + H Cl = b \ c 4 h 5 + r? } 

(c 4 h 5 (a 

requires that 11*31 cub. centims. of hydride of ethyl at 0°C. and 760 millims. pressure 
should be liberated. That the gas thus evolved is hydride of ethyl is established by the 
following data: — 

z 2 
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I. 

Milling. Temp. 

Pressure of gas used (dry) . • * 225*3 at 13°*9 C. 

Pressure after action of anhydrous sulphuric acid (dry) . • 223 |, 9 at 13°*9 C. 

II. 

Pressure of gas used (dry) 23*7 at 14°*7 C. 

Pressure after addition of oxygen (dry) ....... 253*9 at 14°*7 C. 

Pressure after explosion (dry) . 195*6 at 14°*7 C. 

Pressure after absorption of carbonic acid (dry) .... 147*7 at 14°*7 C. 


No. I. proves the absence of members of the olefiant gas family. No. II. proves that 
the gas has the composition and condensation of hydride of ethyl, one volume of which 
consumes on combustion 3*5 volumes of oxygen, and generates twice its volume of 
carbonic acid ; the following being the experimental numbers : — 

Vol. of combustible gas. Yol. of oxygen consumed. Yol. of carbonic acid generated. 

23*7 : 82*5 : 47*9 

1 : 3*48 : 2*01 

If boric ethide be heated with water to 99° C. for several hours, it also appears to 
suffer an analogous decomposition, although with extreme slowness ; even with hydro- 
chloric acid, the action is so tedious that I have not been able to prepare a sufficient 
quantity of boric chlorodiethide (B(C 4 H 5 ) 2 C1) to examine its properties. In the cold, a 
strong solution of hydrofluoric acid has no action upon boric ethide, which also suffers 
scarcely any change by being heated to 99° C. for four hours with concentrated sulphuric 
acid. Gently heated for fourteen days with sodium in a sealed tube, boric ethide 
underwent no visible change. 


Ammonia-Boric Ethide. 

. If a few drops of boric ethide be passed up into a dry eudiometer filled with mercury, 
and dry ammoniacal gas be then admitted into the same tube, each bubble of gas col- 
lapses with a shock, like that produced by a bubble of steam projected into cold water. 
A large quantity of ammonia is thus absorbed by boric ethide with extreme energy. To 
prepare the compound thus formed in larger quantity, several grammes of boric ethide 
were placed in a small flask filled with nitrogen and surrounded with ice : a current of 
dry ammoniacal gas was now passed into the flask so long as it was absorbed ; finally, the 
product thus obtained was warmed to expel excess of ammonia, and then exposed in 
vacuo over sulphuric acid for twenty-four hours. It did not crystallize, and could not 
be distilled, except in vacuo , without decomposition. Submitted to analysis, it yielded 
61*43 per cent, of carbon and 15*43 per cent, of hydrogen. The formula 

NH 3 +B(C 4 H 6 ) 3 

requires 62*66 per cent of carbon and 15*66 per cent of hydrogen. The unavoidable 
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slight oxidation of the boric ethide during the necessary manipulations affords a suffi- 
cient explanation of the deficiency in the amounts of carbon and hydrogen exhibited by 
the analysis. I should, however, have made renewed attempts to obtain this body in a 
state of greater purity, had not the investigation of the corresponding crystalline methyl 
compound described below, left no doubt that the formula above given expresses the 
composition of ammonia-boric ethide. 

Ammonia-boric ethide is a somewhat oily liquid, possessing an aromatic odour and an 
alkaline reaction. Carbonic acid has no action upon it, even in the presence of water, 
but other acids decompose it instantly and liberate boric ethide. When it is exposed to 
a measured quantity of atmospheric air, there is scarcely any perceptible absorption of 
oxygen even after the lapse of several hours. 


Boric Dioxyethide. 

When boric ethide is placed in a flask and allowed to oxidize gradually, first in dry air 
and finally in dry oxygen, it forms a colourless liquid, which boils at 125° C., but cannot 
be distilled under atmospheric pressure without partial decomposition. At the ordinary 
temperature, this product of oxidation evaporates without residue in a stream of dry 
carbonic acid. It can be distilled in vacuo without decomposition, and a portion so 
rectified yielded on analysis the following results : — 

I. ‘2G81 grm., burnt with oxide of copper and oxygen, gave *5359 grm. carbonic acid 
and -2720 grm. water. 

II. *2246 grm., similarly treated, gave *4376 grm. carbonic acid and *2303 grm. water. 

Owing to the causes already mentioned, the complete combustion of this body was 
very difficult, nevertheless the above numbers agree sufficiently well with the formula 

B(c 4 H 5 ) 3 o 4 , 

as is evident from the following comparison : — 


Calculated. Found. 



r 

-A , 

f I. 

> 

II. 

c 12 . 

. . 72-0 

55-42 

54-52 

55-10 

H 15 . 

. . 15-0 

11-54 

11-27 

11-92 

B . 

. . 10-9 

8-39 

— 


0 4 . 

. . 32-0 

24-65 

— 



129-0 

100-00 




I regard this liquid as a compound of vinic ether, with a body having the formula 


\ 



and derived from boracic acid by the substitution of one equivalent of ethyl for one of 
oxygen. Por this body the name boric dioxyethide is appropriate, whilst its ethereal 
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compound may be conveniently termed diethylate of boric dioxyethide. The formula 
of the latter will therefore be 



c 4 h 5 


+ 


c 4 h, 

c 4 h 5 


}° 


c 4 h 5 

2 , or B<JC 4 H 5 0 2 


I C 4 h 5 
c 4 h 5 o 2 


ic 4 h 5 o 2 . 

The formation of diethylate of boric dioxyethide from boric ethide may be thus 
represented : — 

fC 4 H 5 

C 4 H 5 + 0 4 = B<j 

c 4 h 3 o 2 . 

This view of the constitution and mode of formation of the oxidized product is sup- 
ported by its behaviour with water ; for when diethylate of boric dioxyethide is placed 
in contact with water it is instantly decomposed, alcohol and dihydrate of boric dioxy - 
ethide being formed, according to the following equation : — 


rO|H 5 tts [C4H5 n tt 

b]C 4 H 5 0 2 + 2“ 0 2 ^B II0 2 +3 V 
. t (c 4 h 5 o 2j [ho 2 

Diethylate of boric Dihvdrate of boric 

dioxyethide. dioxyethide. 

Dihydrate of boric dioxyethide may be conveniently prepared in a state of purity by 
agitating its aqueous solution with ether, which dissolves the boric compound. The 
ethereal solution must then be decanted, and on evaporation at common temperatures 
in a stream of dry carbonic acid, the new compound is left behind as a white and very 
volatile crystalline mass. The latter was sublimed at a gentle heat in a current of dry 
carbonic acid, and was made to condense in weighed tubes for analysis. 

I. *3870 grm., burnt with oxide of copper in a stream of air, gave -4652 grm. carbonic 
acid and *3285 grm. water. 

II. *5087 grm., oxidized with nitric acid in a sealed tube, the liquid supersaturated with 
a known weight of magnesia and then evaporated to dryness, gave *2387 grm. boracic 
acid. 

These numbers agree closely with the formula of dihydrate of boric dioxyethide : — 




Calculated. 

A. 

Found. 

c 4 . 

f 

. . 24 

\ 

32-47 

r I. 

32-78 

h 7 . 

. . 7 

9-47 

9-43 

B . 

. . 10-9 

14-75 

1 

0 4 . 

. . 32 

43-31 



7?9 

100-00 



Dihydrate of boric dioxyethide is a colourless, volatile, crystalline body, very soluble 
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in water, alcohol, and ether. It possesses an agreeable ethereal odour, and a most 
intensely sweet taste. Exposed to the air, it evaporates at ordinary temperatures, 
undergoing at the same time partial decomposition, and invariably leaving a slight resi- 
due of boracic acid. It may be sublimed without change at about) 40° G. in a current 
of dry carbonic acid, and it then condenses in magnificent crystalline plates resembling 
naphthaline. It fuses at a gentle heat, and at a higher temperature boils with partial 
decomposition. Its vapour tastes intensely sweet 

Boric dioxyethide might be regarded as the anhydride of a bibasic acid : the diethylatc 
of boric dioxyethide would then be the ether of this acid, whilst ther volatile crystalline 
body just described would be the hydrated acid itself. The latter does in fact redden 
litmus paper, but in other respects its acid qualities are very obscure, and I have not 
been able to form definite salts with it. It therefore scarcely possesses a valid claim 
to a place amongst the acids. 

Considering boric ethide to be formed by the substitution of the ethyl in zincethyl for 
the oxygen in boracic acid, Mr. Duppa and myself expressed the reaction as follows - 



Boracic ether. Zincethyl. Boric ethide. Ethylate of zinc. 


Another but less probable view of the change presents itself in the supposition that 
the three atoms of ethyl in boric ethide were already present in the boracic ether, the 
action of the zincethyl being simply to remove the whole of the oxygen from the boracic 
ether. KEKULfif has in fact adopted this latter view of the reaction. 

So long as the organic radical of the zinc compound and that of the boracic ether are 
identical, it is impossible to prove whether the three individual atoms of ethyl in boric 
ethide were originally present in the boracic ether, or have been derived from the zinc- 
ethyl. Indicating by an asterisk the atoms of ethyl which finally become part of the 
boric ethide, it is impossible to prove conclusively whether the reaction takes place 
according to the first or second of the following equations : — 


a h* o 


I (C TT * I ^4 sx 5 r TT N 

(1) + + e 


C H * 

C 4 H s( 


c 4 h 5 o 2 


c 4 H,* 


( 2 ) 


(C 4 H 5 *0 2 fC 4 H 5 * 

2B]C 4 H 5 * 0 2 + SZni^ = 2BC < H 5 - + 6^ “Ho*. 
|c 4 H 5 * 0 2 ,c< IIs ■ (C 4 H 5 * Zni 


Although we cannot thus label, as it were, the atoms taking part in the reaction, we 
can unerringly trace the movements of the alcohol radicals, if we secure their identifier 
tion by varying their composition in the two compounds used in the process. The 


f Lehrbuch der org. Chemie, p. 489. 
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study of the action of zincmethyl upon boracic ether would obviously decide between 
these views. If boric ethide were produced from these materials, KekulE’s hypothesis 
would be established ; but if, on the other hand, boric methide were the result of the 
reaction, then the» correctness of the view originally taken by Mr. Duppa and myself 
would be proved to be correct. The following are the results obtained in pursuing this 
inquiry. 

Boric Methide. 

When a strong ethereal solution of zincmethyl is added to boracic ether, an elevation 
of temperature to*the extent of 8° or 10° C. is observed, whilst at the same time a most 
intensely pungent odour is developed ; this odour, although it resembles that of boric 
ethide, is far more powerful, and more persistently irritating to the mucous membrane. 
A slow evolution of a spontaneously inflammable gas, burning with a splendid green 
flame, was also noticed ; and this evolution of gas became more rapid when the warmth 
of the hand was applied to the flask containing the ingredients. Preliminary experi- 
ments proved that this gas was nearly insoluble in water, but almost completely soluble 
in alcohol, the residue remaining undissolvcd being marsh-gas derived from the action of 
the alcohol upon traces of zincmethyl vapour with which the gas was contaminated. 
The gas was not condensed by a freezing mixture of ice and salt. It was, with the 
exception of a small percentage 'of marsh-gas, instantaneously dissolved by solution of 
ammonia, which yielded the gas again unchanged when neutralized by an acid. Con- 
centrated sulphuric acid was without action upon the gas. 

These data led to the following plan for collecting the gas in a state of purity. About 
two ounces of boracic ether were mixed in a small flask with rather more than their own 
bulk of an ethereal solution of zincmethyl, of such strength as to be spontaneously 
inflammable in a high degree. The flask, loosely corked, was placed in ice-cold water, 
and allowed to stand for a couple of hours until the reaction was complete : it was then 
furnished with a bent tube passing through a cork, and designed to conduct the gas into 
a second flask placed in a freezing mixture of ice and salt ; from this flask the gas passed 
into a third containing about half an ounce of strong solution of ammonia. The air in 
the whole of the apparatus was now displaced by nitrogen, and the flask containing the 
boracic ether and zincmethyl removed from the ice-cold water. A slow evolution of gas 
immediately commenced, and was kept up at a convenient speed by plunging the gene- 
rating flask into cold water, to which heat was very slowly applied. The gas, in passing 
through the freezing mixture, deposited nearly the whole of the ether and zincmethyl 
vapour witli which it was contaminated ; and on reaching the solution of ammonia, the 
boron compound was instantaneously absorbed, whilst other gases, if present, passed 
through the ammonia unacted upon, and escaped into the atmosphere. The solution of 
ammonia soon became covered with a stratum of a lighter liquid, which increased in 
quantity until the stream of gas ceased to pass through. The ammonia-flask was now 
disconnected with the rest of the apparatus, and reserved for the next operation. The 
residue in the generating flask solidified to a crystalline mass on cooling. 
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It now only remained to disengage the gaseous boron compound from its combination 
with am monia. For this purpose the ammonia-flask was fitted ■'frith a funnel-tube 
terminating beneath the surface of the liquid, and a gas-delivery tube, the latter lead- 
ing to a Liebig’s potash apparatus charged with concentrated sulphuric acid ; finally, the 
opposite extremity of the latter apparatus was connected with a mercurial gas-holder. 
To prevent dangerous explosions, on the elimination of the spontaneously inflammable 
gas from its ammonia compound, the whole of the air-spaces of the apparatus were 
filled with nitrogen. Everything being thus prepared, dilute sulphuric acid was gra- 
dually poured into the ammonia-flask through the funnel-tube, the contents of the flask 
being frequently agitated. No gas was evolved until the excess of ammonia was satu- 
rated ; then, however, it was given off abundantly, and the addition of a few drops of 
sulphuric acid, from time to time, through the funnel-tube served to keep up a con- 
venient current. The gas was allowed to pass freely through the depressed mercurial 
gas-holder until a sample of it proved, by its perfect solution in ammonia, that all nitrogen 
had been swept from the apparatus. The exit-tube of the gas-holder was now closed, 
and the gas collected in sufficient quantity for subsequent experiments. 

The following determinations, together with the analysis of its ammonia compound, 
prove that this gas is boric methide , and that its formula is 

fC 2 H 3 

b^c 2 h 3 

(c 2 h 3 . 

I. An indefinite quantity of the gas was cautiously led over ignited oxide of copper, 
the carbonic acid and water produced being collected and weighed in the ordinary 
manner. 0*5875 grm. of carbonic acid and 0*3664 grm. of water were obtained. These 
numbers show that the atomic relation of carbon to hydrogen is as 2 : 3. 

C : H=2 : 3*04. 

II. A determination of the specific gravity of the gas gave the following results : — 


Temperature of room at the moment of closing the flask . 12°*2 C. 

Height of barometer 759*4 millims. 

Height of column of mercury in neck of flask above outer 

level of metal 4*5 millims. 

Weight of flask and gas 28*7500 grms. 

Temperature in balance-case 16°T C. 

Weight of flask filled with dry air* 28*5882 grms. 

Temperature in balance-case 15°*0 C. * 

Capacity of flask 141*7 cub. centims. 


* The gas in tho flask was replaced with dry air, by plunging the flask into a large beaker filled with 
carbonic acid, and then directing a rapid stream of the dry acid gas into the flask, so as to remove the 
spontaneously inflammable gas, which, rushing out of the neck of the flask with considerable velocity, 
reached the surface of the carbonic acid, and there formed beautiful wreaths of green flame. The flank was 
now several times exhausted and filled with dry air. 
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From these data the specific gravity of the gas was calculated to be 1*9108 — a number 
which closely coincides with the calculated specific gravity of boric methide, which con- 
tains 1 volume of boron vapour and 3 volumes of methyl, the four volumes being con- 
densed tp two. 

1 vol. Boron vapour . . . *75319 

3 vols. Methyl 3*1 0956 

2)3*86275 

1*93137 


Boric methide is produced from boracic ether and zincmethyl by the following 
reaction : — 

fC 4 Hf) fri ir f ^2 ^3 ri trl 


'*5 ~2 fp tr I ~2 — 3 p If] 

C, II 5 O, + 3Zn J 2 3 = 2BC,H, + 6 * 5 O, 

c.11,0, l° 2L ' 1 c 2 h : , Zn J 


-y 

Boracic ether. 


Zincmethyl. Boric methide. Ethylate 

of zinc. 


The formation of boric methide under these circumstances proves conclusively that 
the corresponding ethyl compound is formed, not by the removal of the whole of the 
oxygen from boracic ether, but by the actual substitution of the three atoms of oxygen 
in boracic acid by three atoms of ethyl, whilst boric methide is in like manner pro- 
duced by the similar substitution of methyl for oxygen, — a kind of substitution which is 
quite in harmony with the mode of formation of very numerous compounds in the 
organo-metallic family. 

Boric methide exists at ordinary temperatures as a colourless and transparent gas, 
possessing a peculiar and intolerably pungent odour, irritating the mucous membrane, 
and provoking a copious flow of tears. Its specific gravity is 1*93137. It retains its 
gaseous condition when exposed to a cold of — 16° C. ; but at 10° C., and under a 
pressure of three atmospheres, it condenses to a colourless, transparent, and very mobile 
liquid. It is very sparingly soluble in water, but very soluble in alcohol and in ether. 
In contact with atmospheric air it takes fire spontaneously, burning with a bright green 
flame, which is very fuliginous if the volume of the flame be considerable. If the gas 
issue into the air through a tube i^jth of an inch in diameter, the amount of smoke 
is surprisingly great, two or three cubic inches of gas, when consumed in this way, 
filling the atmosphere of a capacious room with large comet-like flocks of carbonaceous 
matter. This curious phenomenon is probably due, in part at least, to the formation 
of a superficial coating of boracic acid, which envelopes the particles of carbon and 
prevents their combustion. Suddenly mixed with atmospheric air or oxygen, boric 
methide explodes with great violence. In contact with air, both boric methide and the 
vapour of boric ethide exhibit two distinct kinds of spontaneous combustion. Thus, 
when these bodies issue very slowly from a glass tube into the air, they bum with a 
lambent blue flame invisible in daylight, and the temperature of which is so low that a 
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finger may be held in it for some time without much inconvenience. Under these 
circumstances partial oxidation only takes place, and it is to the products thus formed 
that the peculiar pungent odour of boric ethide and boric methide is due. When, on 
the other hand, these bodies issue into the ay more rapidly, the lambent blue and nearly 
cold flame changes to the green and hot flame above mentioned. I have not examined 
the spectra of the two differently coloured flames from the same compound, but they 
doubtless present a widely different appearance, thus affording another instance of the 
dependence of the spectra of bodies upon temperature, — a phenomenon to which 
Dr. Tyndall and myself recently called attention in the case of lithium *. 

Boric methide is not acted upon by binoxide of nitrogen or by iodine. Solution of 
bichromate of potash scarcely affects it, but the addition of concentrated sulphuric acid 
at once determines the reduction of the chromic acid. When boric methide is allowed 
to bubble through water into chlorine, each bubble burns explosively with a bright flash 
of light and the separation of carbon. It has no tendency to unite with acids. Con- 
centrated sulphuric acid has no action upon it ; when mixed with hydriodic acid gas, it 
suffers no change ; but, on the other hand, it is freely absorbed by solutions of the fixed 
alkalies, and by ammonia. If a very rapid current of the gas, mixed with half its volume 
of marsh-gas, be passed through a stratum of strong solution of ammonia only half an 
inch deep, not a trace of boric methide escapes absorption. 

Ammonia-Boric Methide. 

When dry ammoniacal gas is mixed with an equal volume of dry boric methide, both 
gases instantly disappear with the evolution of a considerable amount of heat, and th*e 
production of a white, volatile, crystalline compound. The latter is also formed when 
boric methide is passed into solution of ammonia. The colourless liquid stratum which 
forms upon the surface soon solidifies when it is placed over sulphuric acid in vacuo. 
A quantity of the compound obtained . by this latter process was purified by solution in 
ether and subsequent recrystallization. On being submitted to analysis, it yielded the 
following results : — 

I. -2652 grm., burnt with oxide of copper, gave *4862 grm. carbonic acid and -401 
grin, water. 

II. *2809 grm. gave *5105 grm. carbonic acid and *4217 grm. water. 

III. *2124 grm., decomposed by dilute hydrochloric acid in a stream of carbonic acid, 
gave a solution of chloride of ammonium, which, treated in the usual mannfer, yielded 
•6450 grm. of chloride of platinum and ammonium. 

These numbers lead to the formula 

NH 3 +B(C 2 H 3 ) 3 , 

as is seen from the following comparison of calculated numbers with experimental 
results : — 

* Philosophical Magasine, S. 4. vol. xxii. p. 472. 

2 A 2 
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Calculated. Found. 



t'" " ~ 

V 

r 

I. 

ii. 

III. 

A 

Mean. 

c 6 . 

3G 

49*39 

49*99 

49*56 


49*77 

h 12 . 

12 

16*46 

1G-80 

16*68 


16*74 

N. . 

14 

19*20 



19*07 

19*07 

B. . 

10*9 

14*95 




14*42 


72*9 

100*00 




100*00 


The excess of carbon, and to some extent also that of hydrogen, in these analyses is 
doubtless due to the retention of a small amount of ether by the crystals, the great 
volatility of the latter preventing any protracted exposure over sulphuric acid ; but the 
substance used in No. II. was exposed for a much longer time than that employed in 
No. I. 

Ammonia-boric methide is deposited from its ethereal solution in magnificent arbo- 
rescent crystals, which rapidly volatilize without residue when exposed to the air. They 
possess a caustic and bitter taste, and a very peculiar odour, in which both the smell of 
ammonia and of boric methide can be recognized. Ammonia-boric methide fuses at 
56° C. and boils at about 110° C. In a current of air, or better, of carbonic acid, it 
sublimes at a very gentle heat, and condenses in magnificent arborescent crystals. 
Determinations of the specific gravity of its vapour, at three different temperatures, 


gave the following results : — 

Weight of ammonia-boric methide used *0580 grm. 

I. II. III. 

Observed volume of vapour . . 57*9 cub. cent. 58*6 cub. cent. 59 9 cub. cent. 

Temperature of oil-bath . . . 119°*0 C. 130°*0C. 139° C. 

Height of mercury inside of tube 

above that outside .... 9.9*9 millims. 93*1 millims. 88*5 millims. 

Height of barometer 751*8 millims. 

Height of column of cold oil 307 millims. 

From these data the specific gravity of the vapour was calculated to be 

I. II. III. 

1*251 1*258 1*250 


These numbers indicate that the vapour of ammonia-boric methide consists of equal 
volumes of boric methide and ammonia united without condensation .* — 

1 vol. Boric methide . . . 1*93137 
1 vol. Ammonia . . . . *5873 

2)2^51867 

1*25933 

Thus the formula of ammonia-boric methide is a four-volume formula*, a state of 
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condensation which is usually considered to be abnormal, and which, where it occurs, is 
generally explained by the assumption of a decomposition of the body at the moment of 
conversion into vapour. The proof of the disunion or integrity of the vaporous mole- 
cule of ammonia-boric methide would be interesting in connexion with these so-called 
anomalous vapour-densities, but I have to regret my inability to offer any sufficiently 
decisive solution of this problem. The difficulty to be overcome is the finding of a 
reagent that will not decompose ammonia-boric methide at elevated temperatures, but 
which would absorb ammonia only, out of a mixture of this gas with boric methide, at a 
temperature above the boiling-point of ammonia-boric methide. Chloride of calcium 
does not decompose ammonia-boric methide ; but although it readily absorbs ammonia 
at ordinary temperatures, yet it allows the whole of it to escape again at 110° C. Chlo- 
ride of zinc decomposes ammonia-boric methide before the latter volatilizes. The same 
effect is produced by all the strong acids, which are therefore also inadmissible, whilst 
dry boracic acid does not absorb ammonia even at ordinary temperatures. The sub- 
stance which appeared to be best adapted for this reaction was dry and recently fused 
chloride of copper. This salt does not decompose ammonia-boric methide below the 
boiling-point of the latter, whilst it readily absorbs ammonia, and retains it at a tempe- 
rature of 160°C. I will now describe the mode in which an experiment with this sub* 
stance was conducted, and the results which were obtained. A quantity of ammonia- 
boric methide was introduced into a graduated tube filled with mercury, and inverted in 
a vessel containing the same metal. The whole was now immersed in an oil-bath, and 
heat applied until the boron compound was converted into vapour, the volume of which, 
at a known temperature and pressure, was then observed. After the apparatus had been 
allowed to cool, a fragment of chloride of copper was passed up into the tube, and heat 
again applied. The boron compound soon melted and enveloped the fragment of chlo- 
ride of copper: as the temperature approached the boiling-point of ammonia-boric 
methide, the latter slowly boiled off from the chloride of copper, and the vapour then 
occupied the same volume as that read off before the introduction of the chloride of 
copper. The mercury in the tube remained steady for two or three minutes ; it then 
gradually ascended, and the contraction of the vapour-volume continued until it was 
reduced to exactly one-half, as indicated by the following numbers : — 

Corrected volume of vapour before treatment 

with chloride of copper 35 ‘67 cub. centims. 

Ditto after treatment with chloride of copper ' 17*85 cub. centims. 

By treatment with chloride of copper, 100 volumes of vapour were therefore reduced 
to 60*04 vols., the residue consisting of pure boric methide gas. It is obvious that this 
absorption may be due either to decomposition of the vapour of ammonia-boric methide 
by chloride of copper at an elevated temperature, or to the decomposition by heat of 
the boric compound into equal volumes of boric methide and ammonia, the latter being 
then absorbed by the chloride of copper. Unfortunately, the result of the experiment 
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is not sufficiently decisive to compel the adoption of either of these hypotheses, although 
the formation of the vapour and its existence for a few minutes in contact with chloride 
of copper favour the first more than the second; thus indicating that the vapour of 
ammonia-boric methide consists of equal volumes of ammonia and boric methide united 
without condensation, a result which would harmonize with the very generally observed 
rule, that when two gases or vapours unite in equal volumes, the volume of the com- 
pound is equal to that of its constituents. 

Ammonia-boric methide scarcely absorbs a perceptible amount of oxygen at ordinary 
temperatures, even after several days’ exposure to the gas; but it takes fire below 
100° C. when heated in contact with the air. Its vapour is also very inflammable ; thus, 
when ammonia-boric methide is placed under the receiver of an air-pump, and the air is 
being withdrawn, the explosion of the mixture of air and vapour in the cylinders of the 
pump is frequently determined by the rise of temperature consequent upon the depres- 
sion of the pistons when the rarefaction has become considerable. 

Boric methide is also absorbed by aniline with great avidity. Acids expel the gas 
from this compound unchanged. 

Terhydride of phosphorus has no action upon boric methide. A mixture of equal 
volumes of the two gases is spontaneously inflammable, burning with a yellowish-wliite 
flame, in which the characteristic green tinge attending the combustion of boric methide 
is no longer perceptible. 

Compounds of Boric Methide with Potash , Soda, Lime, and Baryta. 

Solution of caustic potash absorbs boric methide with great energy. The saturated 
solution, exposed over sulphuric acid in vacuo , dries down to a gummy mass, which 
scarcely exhibits signs of crystallization. The same body may be more conveniently 
formed by decomposing ammonia-boric methide with alcoholic solution of potash, taking 
care to employ an excess of the former. On evaporation over sulphuric acid in vacuo , 
the excess of the ammonia compound volatilizes, and is decomposed by the sulphuric 
acid with the elimination of boric methide : thus the potash compound evaporates in an 
atmosphere of boric methide. Nevertheless even by this method I did not succeed in 
obtaining the potash compound in a state of purity ; potash-boric methide thus pre- 
pared yielding on analysis 47*93 per cent, of potash, and 42*86 per cent of boric methide, 
numbers only very remotely indicating the formula 

KO B(C 2 H 3 ) 3 , 

which requires 45*67 per cent, of potash and 54*33 per cent, of boric methide. The 
appearance of the compound, even after exposure to gentle heat in vacuo , suggested the 
presence of water, which could not, however, be expelled at a temperature below that 
at which potash-boric methide itself is decomposed. 

Boric methide is also readily absorbed by solution of neutral carbonate of potash, 
bicarbonate of potash and potash-boric methide being apparently formed. Although 
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boric methide and potash unite with remarkable energy, yet they are separated by acids 
with the greatest readiness ; even carbonic acid in the presence of water can expel 
boric methide from its potash compound ; thus, if an aqueous solution of' potash-boric 
methide be passed into carbonic acid standing over mercury, the acid gas soon becomes 
replaced by pure boric methide. 

Soda-boric methide, baryta-boric methide, and lime-boric methide are similar bodies, 
produced by the absorption of boric methide gas by caustic solutions of soda, baryta, 
and lime ; they are all readily soluble in water and react alkaline. 

Boric methide in combination with the alkalies and alkaline earths has alrtiost 
entirely lost its powerful affinity for oxygen ; nevertheless, when these bodies are 
placed in contact with a known quantity of oxygen over mercury for several days, the 
volume of the gas perceptibly diminishes. 

The great difficulty, not to say danger, attending the gradual oxidation of considerable 
quantities of a gaseous and spontaneously inflammable body like boric methide, has pre- 
vented me from following this compound into its products of oxidation, as was done in 
the case of boric ethide. With a graduated supply of oxygen, however, boric methide 
appears to comport itself like boric ethide, and the compounds formed are probably 
homologous with diethylatc and diliydrate of boric dioxycthide. 

In conclusion, it can scarcely be doubted that the action upon boracic ether of the 
zinc compounds of the remaining alcohol radicals would produce the homologues of the 
bodies described in the foregoing pages. It may also be remarked, that the existence 
of bodies like boric dioxycthide, in which one-third of the oxygen in boracic anhydride 
is replaced by ethyl, altogether abolishes any supposed analogy between carbonic and 
boracic acids, whilst it proves that the composition of the latter acid is expressed by the 
formula BO ;J , or some multiple of that formula. I am at present engaged in studying 
the action of zincethyl and sodiumethyl upon the ethers of silicic, carbonic, oxalic, and 
acetic acids. 
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IX. On the Posterior Lobes of the Cerebrum of the Quadrumana. By William Henry 
Flower, F.B.C.S. , Assistant-Surgeon to, and Demonstrator of Anatomy at, the 
Middlesex Hospital . Communicated by Dr. Siiarpey, Sec. B.S. 

Deceived November 20, 1861, — Bead January 0, 1862. 

Tiedemann states that the hippocampus minor is not found in the brain of Monkeys, or 
of any other animals which he had examined, but is peculiar to Man*. In his figure of 
a horizontal section of the brain of Simia nemestrina, a part is described as “ scrobiculus 
parvus loco cornu posterioris,” and the drawing corresponds with the description. Many 
writers on human anatomy have followed Tiedemann’s statement ; thus Cruveilhier ob- 
serves, “ Du reste, l’ergot [hippocampus minor] de meme que la cavite digitale [posterior 
cornu of the lateral ventricle] n’existe gueres que chez i’homme, sans doute parce que 
l’homme seul presente un grand developpement de la partie occipitale du cerveauf.” 

More recently, the presence of a “ posterior lobe ” of the cerebrum, a “ posterior horn 
of the lateral ventricle,” and a “ hippocampus minor ” have been affirmed by an eminent 
authority in this country, to be the distinguishing characteristics of the human brain $. 

On the other hand, according to Cuvier, “ les ventricules anterieurs ou lateraux n’ont 
de cavite digitale que dans l’homme ct dans les singes. Cette partie n’existe dans aucun 
autre mammiferc. Sa presence depend de celle des lobes posterieurs§.” M. Serres, 
in his well-known work on the comparative anatomy of the brain, has the following 
passage : — “ Le petit pied d’hippocampe, ou le relief de l’anse d’une anfractuosite dans 
la come posterieure du grand ventricule, n’a encore ete apergu que dans l’homme; on 
l’efface en le deplissant par le procedc que l’on met en usage pour devclopper le grand 
ventricule lateral; je l’avais moi-meme meconnu en procedant a sa recherche de cette 
manicre. Je l’ai decouvert au contraire cliez les singes et les phoques, en pratiquant 
sur lfe lobe posterieur une section verticalc au niveau du genou posterieur du corps 
calleux: on enleve de cette maniere toute la cavite anciroide, et en l’entr’ouvrant, en 
comprimant legerement le lobe posterieur, on voit le petit pied d’hippocampe. Dans 
les cerveaux qui oi^t ete durcis par l’alcohol, on le met a decouvert par cette section et 

* The passage in full is, “ Podes hippocampi minores vcl ungues, vel colcoria avis, qua) a posteriorc cor- 
poris callosi margine tanquam processus duo medullares proficiscuntur, inque fundo cornu posterioris plicas 
graciles et retroflexas formant, in cerebro Simiaruxn desunt, nec in cerebro aliorum a me examinatorum 
mammalium occurrunt; homini ergo proprii sunt.” — leones Cerebri Simiarum et quorundam Mammalium 
rariorum. Ileidelberg, 1821, p. 51. 

Anatomie Descriptive. Paris, 1836, tome iv. p. 697. 

t Professor Owen, Proc. Linn. Soc. 1858, and Annals and Mag. of Nat. Hist. Juno 1861. 

§ Lemons d’ Anatomie Comparee (3rd edit.), tome iii. p. 103. 
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par le procede ordinaire. Je l’ai maintenant sous les yeux, chez le papion ( Simia sphynx), 
chcz le rh£sus, chez unc autre espece dc macaque, et chez le mandrill (S. maimon ) 

In Leubet’s ‘ Anatomic Comparee du Systeme Nerveux’f* ’ is an observation to the 
same effect ; and in the continuation of the work by M. Gratiolet, a passage occurs, 
which is so important in connexion with what has been written upon the subject by 
other authors, that I shall quote it in full^ : — 

“ Les ventricules lateraux s’enroulent, disons-nous sur les deux corps strics interven- 
triculaires. Celle de lours extremites, qui repond i\ la massue antcrieure du corps strie, 
est la come anterieure ou frontale du ventricule lateral. L’ autre extremite, enroulee 
comme le corps strie lui-meme, repond ii sa massue inferieure. Nous la nommons come 
inferieure ou sphenoidale du ventricule lateral. Tel est le ventricule dans la plupart 
des animaux mammiferes. Mais* dans Yhomme ct dans les singes , de la partie posterieure 
de Pare du ventricule lateral se detache un prolongement un peu recourbe en dedans 
comme la corne dun rhinoceros, ou comme une griffe. Ce prolongement est la come 
posterieure ou occipitale du ventricule lateral. On le designe encore sous le nom de 
camU ancyroide. 

“ Ce prolongement est fort remarquable ; dans les singes , il a une grandeur enorme en 
egard i\ l’ensemblc du ventricule lateral dont l’arc est fort petit. Dans l’homme, la 
predominance passe a cclui-ci. Cette observation est importantc, parce qu’elle coincide 
avec des observations faites sur la peripheric des hemispheres.” 

In a foot-note lie adds, “ Ce prolongement occipital du ventricule est particular aux 
primates (singes) et ii 1’homme, et par consequent, il caracterise fort bien le type 
d’organisation de ces etres. Toutefois, il ne peut-etre considere comme un signe d’ele- 
vation, car il est beaucoup plus grand en dgard a la partie enroulee du ventricule dans 
les singes, oil son developpement est enorme, quo dans l’hommc, ou la partie enroulee 
l’cmporte evidemment sur lui. Cette remarque est d’une haute importance, et fait voir 
que des dispositions, qui caracterisent un groupe eleve, ne peu vent toujours etre choisies 
comme criterium des dispositions seriales it l’aide desquelles l’ensemble de ce groupe 
est zoologiquement comju. Si l’on attachait ii la consideration de prolongement occi- 
pital une importance absolue, 1’homme scrait inferieur au singe. C’cst une preuve entre 
mille k que la faute dont les zoologistes doivent le mieux se garantir, e’est de prendre 
dans leurs raisonnements la partie pour le tout. 

“ On pourrait supposer, en considerant la grandeur des ventricules lateraux dans le 
foetus, que cette grandeur de la cavite ancyroide chez les singes resulte d’un arret de 
developpement. Mais cette conclusion serait loin d’etre cxacte ; en effet, a ux lobes 
antdrieurs qui, chez les singes, sont extfemcment reduits, correspond un ventricule tres- 
reduit dans toutes ses parties, tandis que le lobe posterieur, malgrd la grandeur de son 
ventricule, a un developpement relatif enorme.” 

It was not until the greater number of the observations related in the following paper 

* Anatomic Comparee du Cerveau. Paris, 1826, tome ii. p. 470. 
t Tome i. 1839, p. 402. $ Tome ii. 1867, p. 74. 
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were made, and the principal conclusions arrived at, that I met with this passage, which 
affords from an independent source a confirmation of their general accuracy, but at the 
same time leaves untouched the necessity for detailed descriptions of the condition of 
this portion of the brain in particular species. I also think it not improbable that 
renewed investigations into the development of the human brain may necessitate some 
modification in the conclusions contained in the last paragraph. 

Some of the special monographs upon the brains of Quadrumana exhibit discrepancies 
almost equal to those existing in the more general statements upon the subject. Thus 
Schroeder van DEB Kolk and Vroljk found in the Chimpanzee the “ lateral ventricle 
distinguished from that of Man by the very defective proportions of the posterior cornu, 
wherein only a stripe is visible as an indication of a hippocampus minor*,” while in a 
memoir on the brain of the same animal by Mr. Marshall, these parts are shown to be 
as fully developed as in an average example in the human brain f. Dr. Rolleston has 
recently described and figured a well-marked posterior cornu and hippocampus minor in 
the Orange ; and Mr. Huxley, in an admirable memoir to which I shall have occasion 
hereafter to refer, has given a full account of the structure of the posterior lobes in 
Ateles , a monkey of the Platyrrhine or New World group §. 

Such being the present state of the literature of a subject which is evidently within 
the reach of ordinary observation, it will be seen that its full elucidation must be based 
upon an appeal to nature, and not to authority. Therefore, with a desire to contribute 
some reliable data to an interesting branch of anatomical science, I have taken the . 
opportunity recently afforded by the examination of the brains of numerous examples 
belonging to three families of Quadrumana of making the following observations. 
The greater number of the specimens described arc from animals which have died during 
the past summer in the Gardens of the Zoological Society. For their transmission into 
my hands while in that perfectly fresh condition so essential to the success of cerebral 
investigations, I am indebted to the attention of Mr. Bartlett, the able Superintendent 
of the Society’s Collection. 

As other considerations besides those of a purely anatomical character have been sup- 
posed to be involved in inquiries of this nature, I must state at the outset that these 
have been undertaken without reference to any theory as to the transmutation of species, 
or origin of the human race; whatever inferences others may draw from the facts 
related, for my own part I see no reason to assign any special importance, in determining 
the value of such a theory, to the condition of the particular portion of the cerebral 
organization now under consideration, especially as the general close resemblance 
between the physical structure of Man and th% Quadrumana has long been a matter 
of common observation. 

As it is to the brain of Man that the comparisons instituted in this paper chiefly refer, 
it will be necessary in the first instance to call attention to certain points in the struc- 

* Nieuwe Verhandlingen der erste Klasse van het Koningl. Nederlandsche Inatituut. Amsterdam, 1849. 
t Nat. Hist. Beview, July 1861. % Ibid. April 1801. § Proc. Zoo 1. Soc., June 11, 1861. 
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ture of that organ; and I must premise that in all the ensuing descriptions the nomen- 
clature used is the one proposed by Mr. Huxley*, founded on that of M. Gratiolet, 
to whom the merit of reducing to an intelligible and harmonious system the apparently 
confused and intricate surface-markings of the brain of the Primates is chiefly duef. 

Plate II. fig. 1 is a sketch of the internal surface of the right hemisphere of the brain 
of an adult European. It has been carefully drawn from a specimen which had been 
prepared for the purpose, by injecting the carotid arteries with strong spirit, and harden- 
ing within the cranium, so that the general form and relative situation of the different 
parts have been accurately preserved. Five principal sulci are seen upon this face of 
the cerebral hemisphere. 1. The calloso-marginal (t, i), running lengthwise, parallel to, 
and between, the upper border of the corpus callosum and the superior margin of the 
hemisphere. 2. A nearly vertical fissure (k, k) placed about midway between the 
posterior end of the corpus callosum and the apex of the hemisphere. As it forms the 
line of demarcation between the parietal and occipital lobes, it has received the name of 
occipito-parietal (“ scissure perpendiculaire interne ” of Gratiolet). 3. A deep and 
distinctly marked sulcus (l, l) commencing just below the posterior extremity of the 
corpus callosum, and running backwards and slightly upwards almost to the apex of the 
hemisphere, where it divides into an ascending and descending branch. This is the cal- 
carine sulcus, so named from its relation to the part called, when seen from the interior 
of the ventricle, “calcar avis,” or “hippocampus minor” (“ anfractuosite de la cavitd 
digitale,” Cruveiliiier; posterior portion of the “ scissure des hippocampes,” Gratiolet). 
4. The dentate sulcus, in which the small gyrus called “ corpus dentatum ” (corps go- 
dronne) is situated. This is the anterior portion of the “ scissure des hippocampes ” of 
Gratiolet, and holds the same relation to the hippocampus major as the calcarine 
fissure does to the hippocampus minor. 5. A fissure (n, n) running more or less parallel 
to the last, but at a lower level, named from its connexion with the eminentia collate- 
ralis, the collateral sulcus. The relations of the last three sulci have been pointed out 
in detail by Mr. Huxley in the paper referred to. 

The gyri on the inner surface have their boundaries defined by the above-named sulci, 
and are of a very simple character. They will be better understood by a reference to 
the figure, than by a verbal description. 17 is the marginal gyrus; 18 the callosal; 
18' the quadrate lobule; 19 the uncinate gyrus; 20 the dentate; and 25 the internal 
occipital lobule. 

In the hemisphere of the hardened brain (Plate II. fig. 1) the space between the poste- 
rior edge of the corpus callosum and the extremity of the lobe was divided into four 
equal parts, and the sections indicated by the lines A, B, and C were made at the points 
thus determined. For accuracy of comparison, the same rule has been observed in all 
the sections of the Simian brains which follow. The figures A, B, and C represent the 
surface of such sections, and exhibit the distance to which the different sulci penetrate 

* On the Brain of Aleles paniscue, Proc. Zool. Soc. June 11, 1861. 

t M&noire sur les Plis Cerebraux de l’Homme et des Primates. Paris, 1864. 
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into the substance of the hemisphere. It must be observed that in the human brain there 
is some variation in this respect, but the average depth of the calcarine fissure is well 
illustrated in this example, as also the usual size of the posterior cornu. This cavity 
appears in section as a mere fissure curved round a delicate stratum of white substance, 
which covers internally the grey matter of the calcarine sulcus, and which constitutes 
the ventricular surface of the hippocampus minor. In section C no trace of the opening 
can be discovered. 

Such is the appearance presented by this portion of the brain, in the highest state of 
perfection which that organ attains ; a condition, however, always the least favourable 
for studying the morphological significance and true relations of its several parts. The 
original design, now obscured by special adaptive modifications, can only be traced 
either by observing the gradual evolution of the same parts from their most rudimentary 
condition, or by a comparison of similar structures in other animals of simpler organiza- 
tion. 

By the first method we learn that while the hemispheres of the brain are mere sacs, 
and perfectly devoid of convolutions, the calcarine is one of the first of the sulci which 
appears on the surface (about the fifteenth week, according to Tiedemann), and coinci- 
dent with it, an elevation is seen upon the interior of th<? ventricle, the future hippo- 
campus minor. The eminence is, in fact, formed simply by an involution of the wall of 
the original ventricular cavity, and such portion of this cavity, situated in the posterior 
lobe, as has escaped being closed in by the growth of the surrounding cerebral sub- 
stance, constitutes the posterior cornu. The variability of its extent in the human sub- 
ject, and consequent apparent variability of the hippocampus minor, is well known*. 
Little physiological importance can, however, be attached to the size of the latter as 
commonly estimated by the projection into the ventricle. The real amount of cortical 
or ganglionic ncurine surrounding the calcarine sulcus can only be ascertained by an 
examination of the length, depth, and complexity of that sulcus, and remains unaltered 
whatever may be the extent to which the cavity of the ventricle is closed : just as the 
size and form of the corpus striatum would be unaffected by the absence or closure of 
the portion of the lateral ventricle which lies in contact with it. Such an examination, 
both in different individuals of the human race, and in the brains of various animals, 
may supply important data in future investigations concerning the functions of special 
portions of the grey matter on the surface of the cerebrum. 

* Many of the variations in tho condition of those parts must bo ascribed rather to pathological changes 
than to original conformation. Thus, in aged and debilitated subjects, the posterior cornu is often enlarged, 
and somewhat funnel-shaped, the calcarine projection being also more or less obliterated, a circumstance 
arising apparently from gravitation of the intraventricular fluid during long continuance of tho recumbent 
posture. In atrophy of the cerebral substance, from whatever cause, attended by an increased size of the 
ventricular cavities, the change is usually most strikingly seen in the posterior cornu. 



190 


ME. W. H. FLOWER ON THE POSTERIOR LOBES 


Order*QUADRUMANA. 

Family 1. Catarrhina. 

Orang-Utang ( Pithecus satyrus ). — The brain of a young female of this species, which 
died in the Gardens of the Zoological Society, May 1850, is preserved in the Museum of 
the Middlesex Hospital. Although this specimen has retained its form and general 
characters unusually well, I do not propose to give any detailed account of it, being 
unwilling to multiply the too numerous imperfect descriptions which already exist of 
the cerebral anatomy of this animal — imperfect inasmuch as they are mostly taken 
from specimens the form of which has been more or less altered by preservation in 
spirit. A general flattening of the cerebral mass, contraction of the hemispheres, with 
loss of characteristic outline, obliteration of distinction between white and grey sub- 
stance, and adherence of contiguous walls of sulci and cavities, render such brains ill 
adapted for the successful study either of the external characters or internal structure. 

The following points relating to the posterior lobes of the cerebrum are, however, to 
be noted in this specimen. On looking directly down upon the centre of the upper 
surface of the brain, no part of the cerebellum is visible, either laterally or posteriorly. 
When viewed from one side, the posterior lobes are seen to project exactly as far back- 
wards as completely to cover the cerebellum, but not to extend beyond it. But an 
examination of the interior of the cranium from which the brain was taken, shows that 
the slirinking of the hemispheres has reduced their dimensions in this direction. It is 
therefore perfectly evident that the posterior lobes of the cerebrum, according to any 
definition taken from external characters, exist in a very well-developed condition, 
although not prolonged backwards to quite so great an extent as they usually are in 
the human brain. 

To examine the interior, the upper portions of the hemispheres were removed to the 
level of the inferior surface of the corpus callosum, and then further portions were care- 
fully dissected away so as to expose the lateral ventricles with their three cornua. The 
general form of the cavity presents almost the exact counterpart of that in the human 
subject. The posterior cornu extends as far backwards as an average example in Man, 
being fths of an inch long, and its apex being but fths of an inch (= fth of the entire 
length of the hemisphere) from the surface of the posterior lobe. The projection of the 
hippocampus minor bears comparison with a very well-developed specimen of this 
structure as met with in the human brain. Its length is fths of an inch, its breadth at 
the base -j^-ths of an inch. The cminentia collaterals is more prominent than in many 
human brains. The hippocampus major has no distinct digital marks, but the convex 
border of its expanded termination has a slightly nodulated appearance. There is a 
complete correspondence of form in the ventricles of the two hemispheres, the posterior 
cornu extending backwards to a similar extent in both. 

As it seemed desirable to possess an exact means of estimating the length of the 
posterior lobes in different animals by a criterion derived from internal structure, I have 
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taken the most prominent part of the convex border of the hippocampus major as the 
limit between the antero-median and the posterior portions of the cerebrum. The 
former includes the anterior and middle cornua of the ventricle, the corpus striatum, 
thalamus opticus, and the hippocampus major; the latter, the posterior cornu and hippo- 
campus minor, where these exist. In Man and the Quadrumana, the angle formed at the 
junction of the hippocampus major and minor readily indicates the exact spot on which 
to place the compasses (see Plate III. fig. 7). Such measurements should, if possible, 
be taken before the brain is removed from the cranial cavity. Let the length of the first 
part be called A, and that of the second B. In Man the average proportion in several 
examples of A to B is as 100 to 53. In this Orang’s brain A measures exactly 2 inches, 
and B 1 inch, or as 100 to 50 ; so that the posterior lobe, as defined by internal structure, 
exhibits the same slight diminution upon that of the human brain, as was already esti- 
mated by the amount of covering of the cerebellum. It must be remembered, however, 
that this observation is taken from a spirit preparation. 

Presbytes leucoprymnus (Otto). — An adult female died in the Zoological 'Society’s Gar- 
dens, August 20, 18G1, and the brain was examined while in a perfectly fresh condition. 
The posterior lobes completely covered, and projected beyond, the cerebellum. The 
sulci on the internal face of the cerebral hemisphere (Plate II. fig. 2) bear a very close 
resemblance in general arrangement (though of course far less complex) to those of the 
human brain. The occipito-parietal (k, k) runs downwards and forwards, and almost 
meets the calcarine (/, l), the second internal annectent gyrus scarcely appearing on the 
surface. The calcarine sulcus differs from that, not only of Man, but of nearly all* 
Apes, in extending to the extremity of the lobe, and, even turning round to the outer 
surface, ^thout dividing into branches. The three sections show that this sulcus 
penetrates more deeply into the substance of the hemisphere than in Man, but it is 
tolerably simple in its course, passing nearly directly inwards. The posterior cornu of 
the ventricle is distinctly open to within a very short distance of the hinder extremity 
of the lobe, and is of considerable vertical depth, being curled round the very promi- 
nent calcarine involution, or hippocampus minor. 

In the left hemisphere a horizontal section was made, so as to expose the lateral 
ventricle (Plate III. fig. 5, a). The posterior cornu was seen, when opened from above, 
to take the same general course as in the brain of Man, viz. outwards, backwards, and 
finally somewhat inwards, but, owing to the depth of the calcarine fissure, and conse- 
quent great projection of the hippocampus minor, it is placed nearer to the external 
wall of the hemisphere than it is in Man. The measurements of the antero-median (A) 
and posterior (B) portions of the hemisphere are 1*5 inch and *7 inch — A to B as 100 
to 47. The latter is therefore proportionally less than in the human brain. 

Cercopithecus . — Several examples of this genus have come under examination, in- 
cluding C. sabagus , C. ruber , and C. mona , but a description of C. pygerythrus (F. Cuv.), 
the common Vervet Monkey, will suffice. In order to obtain a side view of the brain 
in situ , the right half of the cranium of an adult animal of this species was carefully 
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removed with the saw and bone forceps, then the dura mater was taken away, and the 
contents of the cranial cavity exposed. While still in an undisturbed condition, the 
extent to which the posterior lobes of the cerebrum projected beyond the cerebellum 
was ascertained to be fully {th of an inch. On comparing the form of the brain with 
that of the human subject, very great similarity is seen in the contour of the posterior 
half of the cerebrum, but the anterior lobes in the Monkey are much reduced, being 
narrowed almost to a point, flattened, and largely excavated in the orbital regions. 
Fig. 6 (Plate III.) is a profile view of this brain, and shows accurately the relative form 
and situation of the different parts while in situ, and the arrangement of the sulci upon 
the outer face of the hemisphere. 

Fig. 3 (Plate II.) is a sketch of the convolutions of the inner face of the right hemi- 
sphere. The calcarine sulcus is very strongly marked, and describes a curve having the 
concavity upwards ; it bifurcates as usual at the posterior end. The occipito-parietal 
sulcus, instead of running downwards and forwards as in Man and Presbytes , is directed 
somewhat backwards, and does not join the calcarine sulcus, but terminates at the upper 
margin of a prominent gyrus (the second internal annectent) which borders the last- 
named fissure superiorly. The sections show that the calcarine fissure extends to a greater 
depth than in any other genus (yet examined), and has a singular complexity of form, 
as there is concealed within it, and attached to its floor, a small but distinct gyrus 
(Plate II. fig. 3, and Plate III. fig. 7, 26). This convolution, which may be called from 
its position “ calcarine,” commences anteriorly by a slight elevation of the floor of the 
f calcarine fissure, increases as it proceeds backwards, and comes to the surface where the 
sulcus turns up towards its termination ; then, bounded superiorly by the lower branch 
of the sulcus, sweeps round the inferior border of the lobe, and becomes continuous 
with the infero-occipital gyrus of the outer side. It appears to be always present in 
Cercopithecus , Macacus , and Cebus , and probably in all the allied genera, but is absent 
in the highest and lowest members of the order. The consequence of the depth and 
complexity of the calcarine sulcus is that the involution of grey matter forming its walls 
is much increased, and bears a very large proportion to the mass of the lobe, and the 
cornu of the ventricle is thrown quite to the outer side of the hemisphere, being at its * 
termination only separated by a thin stratum of white matter from the cortical layer of 
its external face. The walls of the comu arc in such close apposition that I have not 
been able to satisfy myself that it is in the adult Cercopithecus an actual cavity in the same 
sense as the remaining portion of the ventricle, especially as the staining of the lining 
membrane found in ’other parts' rarely extends more than a quarter of an inch upon the 
surface of the hippocampus minor. But as fine sections of hardened brains show a line 
in which the cerebral substance is absent, having always the same definite extent, form, 
and direction, — as the slightest touch with the handle of the scalpel will separate the 
walls, — as in some genera it is undoubtedly as distinctly open as any other part of the 
cavity, and as it has been so considered by Gratiolet, Huxley, and other competent 
observers, I have no hesitation in looking upon it as homologous to the posterior cornu 
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in Man. Whether it is an actual or potential cavity is, however, of very little con- 
sequence, as there can be no question that the portion of the brain answering to that 
which in Man is called hippocampus minor, attains in Cercopithecus a really prodigious 
development in comparison with the size of the cerebral hemisphere. 

The proportionate length of the posterior lobe, as measured upon a section made 
while the base of the brain still remained within the cranium, slightly exceeds that of 
Man, being to the antero-median portion as 54 to 100. 

Macacus. — The brains of M. silenus, M. nemestrinus , M. cynomolgus , M. sinicus, M. ra- 
diatus, and M. erythreeus have all been examined. They resemble one another so closely 
that the latter (the Rhesus Monkey) alone need be described. The length of the poste- 
rior lobes, both as to the extent to which the cerebellum is covered, and as ascertained by 
internal measurement, is slightly inferior to that of Cercopithecus. The convolutions of 
the inner face of the hemisphere (Plate II. fig. 4) have the same general arrangement as in 
that genus. The calcarine sulcus does not extend to quite so great a depth, but it con- 
ceals within it, though on rather a smaller scale, a similar gyrus (Calcarine, No. 26 B, 
Plate II. fig. 4). In adult examples the walls of the posterior cornu adhere very closely, 
but in a new-born Rhesus they were distinctly separate almost to the very end of the 
lobe. In this specimen the hemispheres were so elongated backwards as to project by 
nearly one-fourth of their length beyond the cerebellum. 

Cynocephalus. — Gbatiolet has demonstrated that the principal cerebral characteristic 
of this genus is the great development of the occipital lobes. In a nearly full-grown 
example of C. porcarius , I find that they project x^ths of an inch beyond the cerebellum, 
or rather more than £th of the entire length of the hemisphere ; proportionally more, 
therefore, than in Man. Measured internally, the proportion of the posterior to the 
antero-median portion of the cerebrum is as 57 to 100 — greater than in any other of the 
Catarrhine Apes. The calcarine sulcus is very deep and complex, as in the last two 
genera, but the specimen did not reach my hands in time to give any drawings. 

Family 2. Platyrrhina. 

Cehus apella. — The brain of this species presents a different form from that of Cerco- 
pithecus, or any of the Old World Apes. The hemispheres are much elongated and 
compressed lateraUy, so as to give a regularly oval outline to the entire cerebrum 
when seen from above. The cerebellum, though large, is entirely covered, and the 
posterior lobes are of great proportional length, being to the antero-median as 59 
to 100. 

The sulci upon the inner face of the cerebral hemisphere are shofm in Plate III. fig. 5. 
The calcarine fissure at its anterior extremity joins the dentate, so that the callosal gyrus 
is not actually continuous with the uncinate as in Man and most of the Quadrumana ; but 
at the point of union the sulcus is extremely shallow, or, in other words, the band which 
connects the two above-named gyri does not quite reach the surface. At first the 
sulcus runs somewhat in a downward direction, but ultimately takes a considerable 
hdcccxlii. 2 c 
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sweep upwards. It penetrates deeply into the lobe, not quite to the same extent as in 
Cercopithecus , but is so disposed as to contain a similar convolution. 

Handle jacchus , the Common Marmoset. — In an adult specimen which died at the 
Zoological Society’s Gardens, September 25, 1861, the brain was exposed in situ by clip- 
ping away different portions of the cranial bones, and the drawings (Plate III. figs. 8 & 9) 
made before its outline had been altered by removal from its bed in the skull. Seen 
from above, the two hemispheres form an elongated oval, slightly narrowed anteriorly. 
The olfactory lobes extend forwards beyond the cerebrum, but no part of the cere- 
bellum is seen. The side view shows the elongation and flattening of the whole hemi- 
sphere, and the extent to which the posterior lobes project beyond the cerebellum. 
The orbital region of the anterior lobe is greatly excavated. The fissure of Sylvius is 
well marked, but on separating its lips no distinct median lobe is seen, the only indi- 
cation of it being a very slight elevation of the floor of the middle third of the fissure. 
The outer surface of the hemisphere is perfectly smooth and free from sulci, a faint 
depression only occupying the situation of the antero-temporal, the most persistent of 
all the sulci of the outer face in the Quadrumana. 

The inner surface of the hemisphere (Plate III. fig. 10), quite smooth in its anterior and 
superior portions, presents, nevertheless, three distinctly marked sulci, the dentate (m), 
the collateral (n), and, occupying exactly the same situation as in the higher Primates, 
the calcarine sulcus (l). This is quite simple, not bifurcated at the end, or joined by any 
other fissure, and describes a curve with the convexity upwards. There is no trace either 
of the occipito-parietal or the calloso-marginal sulcus. A section made at the middle 
of the posterior lobe (corresponding to the section B in the larger brains) shows that the 
calcarine fissure is of great depth and has a downward curve. The grey matter sur- 
rounding it occupies nearly the whole of the interior space of the lobe, forming a hippo- 
campus minor of simple construction, but very great relative size. The very narrow 
stripe of medullary white matter between this involution and the external surface con- 
tains a distinctly marked crescentic opening, the section of the posterior cornu. 

A horizontal section through the left hemisphere (Plate III. fig. 9) exhibits the great 
length of the posterior lobe as compared with the antero-median, viz. as 62 to 100. 
The posterior cornu in this view describes a regular curve, with the concavity inwards, 
and is seen to extend to within t*oth of an inch of the apex of the hemisphere. Its 
walls fell apart directly the section was made, and there appeared to be a distinct lining 
membrane, on which fine blood-vessels were seen to ramify. 

The above description would qpply almost equally well to the brain of H. cedijms , two 
examples of which have been dissected. 

Thus, in the brain of these diminutive creatures and in that of Man, placed at oppo- 
site ends of an extensive series, and in many respects so widely removed from each 
other, are found certain well-marked common characters in the posterior lobes ; and the 
principal distinction that we can draw between them, with respect to this portion of the 
brain, is, that in the Marmoset the whole lobe is more elongated, the calcarine fissure 
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more deeply cut, the hippocampus minor more prominent, , and the posterior cornu 
patent to a greater extent 

As has been already pointed out, from an examination of vertical sections of skulls, 
it is among members of this family that the occipital region of the cerebrum attains its 
greatest, and also, as far as the Apes properly so called are concerned, its least develop' 
ment ; the first in Chrysothrix , one of the lowest, and the last in Mycetes, the genus 
usually placed ^at the head of the family. It is remarkable, also, that among the Catar- 
rhina, as estimated by the same means, the backward development of the cerebrum, in 
relation to the cerebellum, appears to coincide with the order in which these animals 
are zoologically arranged, being least among the anthropoid Apes, and attaining Its 
maximum in the Cynocephali. 


Family 3. Strepsirrhina. 

Most of the descriptions and figures of the brains of members of this family hitherto 
published are unsatisfactory. For example, that given by Tiedemann* of Lemur mongoz , 
though evidently drawn with great accuracy and care, represents a brain the form of 
which has been considerably altered by hardening in spirit. The same objection applies, 
but even more strongly, to the delineations of the brain of Stenops given by VROLiKf 
and by Sciiroeder van der KolkJ. That of Tarsius, in the admirable memoir of 
Burmeister §, may perhaps be excepted. 

Having, therefore, lately had an opportunity of dissecting a Lemur in a fresh con- 
dition, I have thought it desirable to give a new figure of the external characters of the 
brain. The view of the upper surface (Plate III. fig. 11) was drawn after the removal 
of the skull-cap, while the brain was still in the head; the other two (Plate III. 
figs. 12 & 13) immediately after it was taken out, and with the assistance of a cast of 
the interior of the cranium. After the brain had been a fortnight in spirit, the hemi- 
spheres had lost one-fifth of their length, together with their characteristic outline, and 
had left about half of the cerebellum uncovered. 

Lemur nigrifrons , Geoff. (A. mongoz , Linn. V). — After removing the upper portion of 
the skull by a horizontal incision, and then taking away the dura mater, the surface of 
the encephalon was exposed. The part brought into view consisted of the cerebral 
hemispheres, with a small portion of the olfactory lobes projecting in front, and of the 
cerebellum behind. The general outline of the two cerebral hemispheres presented an 
oval figure, very narrow in front and broad behind, where it was deeply indented in the 
middle line. On looking directly down upon the centre of this oval, the portion of the 
cerebellum visible was part of the upper surface of the superior vermis, chiefly exposed 
by the divergence of the posterior apices of the cerebral hemispheres, and a very narrow 

* Op. cit. tab. iv. figs. 1, 2, 8, 4. 

t Bijdrage tot de Anatomie van den Stenops Kukang. Leiden, 1841. 

X Nieuwe Verhand. der 1* Klasae v. h. Kon. Nederlandsche Inst. 1848. 

§ Beitrage zur naheren Kenntniss der Gattung Tarsius. Berlin, 1846. 

2 C 2 
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border of each lateral lobe.. The extreme projection was T 5 of an inch behind the cere- 
brum. In front the olfactory lobes extended ^th of an inch beyond the cerebrum. 
The hemispheres were 1-65 inch in length, and 1*3 inch across their broadest part. On 
gently separating the edges of the longitudinal fissure, the corpus callosum was seen to 
cover completely the corpora quadrigemina ; its length was *85 of an inch. 

The brain was now removed. The general surface of the cerebrum is smooth, but 
marked with strongly defined, deeply cut, regular, and almost symmetrical sulci. The 
anterior or frontal lobes are attenuated, being flattened above, compressed laterally, and 
excavated below for the orbital plates. They are distinctly marked off from the tem- 
poral lobe by the fissure of Sylvius, which runs upwards and backwards to the parietal 
region, and has an abrupt and slightly bifurcated termination. The average depth of 
this fissure is nearly one-fourth of an inch, and on separating its lips, a small, smooth, 
but distinctly defined insula or median lobe of oval form was disclosed. This observa- 
tion is important, as Gratiolet says, “Le lobe central [insula] parait particulier k 
l’homme et aux singes; peut-etre voit-on quelque chose d’analogue dans les makis, mais 
on ne voit ricn de semblable chez les autres mammiferes.” The temporal lobe is full 
and deep* and terminates posteriorly without any definite boundary in the posterior or 
occipital lobe. This last is shallow, and excavated on its under and inner surface for 
the cerebellum. 

The sulci on the outer face of the hemisphere are — 1. The fissure of Sylvius ( e ). 
2. A well-marked longitudinal sulcus on the upper surface of the frontal lobe, inclining 
outwards posteriorly, probably corresponding with the infero-frontal (a). 3. A slight 

longitudinal indentation on the orbital surface of the same lobe. 4. A very distinct 
sulcus on the temporal lobe, parallel to, but extending rather higher than, the fissure 
of Sylvius, and curving forwards at its upper end (f ) : this is the antero-temporal 
(scissure parallele). 5. A well-marked longitudinal sulcus on the upper surface of the 
parietal, and extending into the occipital lobe, marking off the upper limit of the 
angular gyrus. 6. A slight longitudinal indentation on the outer side of the occipital 
lobe. There is no trace of the temporo-occipital sulcus (scissure perpendiculaire ex- 
teme), so well marked in the higher Apes, or of either of the parietal fissures ; indeed 
the region on which they should be placed is very greatly reduced. In number, extent, 
and situation the sulci above described nearly correspond to those of Callithrix moloch 
(as figured by Gratiolet), a Platyrrhine Ape about the same size as the Lemur. 

Upon the internal face of the hemisphere (Plate III. fig. 14) are seen — 1. The calloso- 
marginal (»), distinct only in the middle third of the hemisphere. 2. A very deeply marked 
calcarine sulcus (Z, l), extending from below the posterior end of the corpus callosum, 
backwards and slightly upwards, to near the extremity of the hemisphere, where it ends 
abruptly without bifurcation. 3. Joining this, almost at a right angle, is the occipito- 
parietal (k), which does not quite reach the upper margin of the hemisphere. 4. A slight 
indication of the collateral sulcus (n). 5. A well-marked dentate sulcus (m). 

The olfactory bulbs are in size intermediate between those of the lower Apes and 
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those of the Carnivora. The corpora albicantia are represented by a single mass, which 
however is cleft posteriorly, indicating its separation into two portions. The corpora 
geniculata form distinct white nodules on the sides of the crura, but not visible until the 
edge of the temporal lobe is slightly lifted up. The pons is but little elevated. The 
medulla oblongata is very wide, and the tracts called corpora trapezoidea clearly marked 
out. The corpora quadrigemina resemble those of other Quadrumana, the anterior 
being larger and of more rounded form than the others. The cerebqjlum shows a 
marked inferiority to that of the true Monkeys. The median vermis, especially the 
inferior portion, is very large. The lateral vermis (flocculus) is also greatly developed, 
and forms the principal part of the lateral mass of the cerebellum. The body of the 
lobe is, however, not so much reduced as in the Carnivora. 

To return to the cerebral hemispheres. A section was made through the right 
posterior lobe at the point B (Plate III. fig. 14). The calcarine sulcus is now seen to 
extend to about the middle of the section, but to be of the simplest form. The cortical 
layer which it carries with it (hippocampus minor) is bordered by. a thin stratum of 
white substance, which is separated from the contiguous medullary cerebral matter, as in 
the other Quadrumana, by a fine crescentic line, indicating the presence of a posterior 
cornu of the lateral ventricle. In a horizontal section of the left hemisphere this 
cornu appeared as a mere fissure, with walls in close apposition, but traceable nearly to 
the termination of the hemisphere. In this view, the most marked difference between 
the parts displayed, and those of the ordinary Quadrumana, consisted in the compara- 
tive shortness of the posterior lobe, this being, as compared with the antero-median 
portion, only as 35 to 100. 

None of the authors who have written upon the brains of the LemuridsD, whose works 
I have been able to consult, describe a hippocampus minor. Vrolik expressly states 
that it is absent in Stenops (“ L’eminence digitale, l’eminence collateral de Meckel 
manquent,” op. cit. p. 79), and Burmeister alone mentions a posterior cornu to the 
ventricle in Tardus, the only observation upon it being, that it is “ very long.” There 
can be no doubt, however, of the strict homology of the calcarine fissure, and its 
surrounding grey matter (hippocampus minor), in the Lemur, to that of the parts so 
described in Man and all the intermediate forms ; and that in this low and almost aber- 
rant member of the order, although of reduced length, corresponding with that of the 
hemisphere, it extends more deeply into, and bears a greater ratio to the surrounding 
mass of the lobe than it does either in Man or in the anthropoid Quadrumana. 

The presence of the same parts is shown even more distinctly in the brain of a Galago 
(Otolicnus) preserved in the Museum of the Middlesex Hospital. The animal to which 
it belonged died in the Zoological Society’s Gardens in 1852 * While alive it was 
referred to 0. Oamettii (Ogilby), but its dimensions did not agree with those of the type 
specimen of that species in the British Museum ; its generic determination is, however, 
sufficient for the present purpose. For reasons given in the case of the Orang, I do not 

• See Proc. Zool. Soc., March 23, 1862, p. 78. 
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purpose to give a description of the external characters of this brain, but only an account 
of such parts of the internal structure as have special reference to the subject of this 
paper. A horizontal section of both hemispheres has been made at the level of the 
corpus callosum, and the lateral ventricles are laid open. Fig. 15 (Plate III.) represents 
this dissection. A broad and very distinct posterior cornu extends backwards almost to 
the extremity of the hemisphere. Its floor and inner wall are raised into a prominence, 
having distinctly the characters of the hippocampus minor as found in Man and the 
higher Quadrumana, and corresponding with the deeply marked calcarine sulcus on the 
inner face of the lobe. The form of the eminence is somewhat triangular, the apex 
being directed backwards ; but its surface is convex, both from above downwards and in 
the antero-posterior direction, so that the axis of the cavity into which it projects, 
though directed generally backwards, has first an outward inclination, and finally turns 
somewhat inwards. The anterior or broad end of the eminence is concave, being 
adapted to the curved posterior margin of the hippocampus major, from which it is 
separated by a deep groove. The length of the hippocampus minor is one-fourth of an 
inch ; its breadth at the base almost as much. The part of the outer wall of the ven- 
tricle wh^ch projects into the angle between the hippocampi may be compared with the 
“ eminentia collaterals ” of the human brain *. 

On comparing the posterior lobe in Galago with the same part in the true Apes, it is 
seen that there is, as in Lemur , a very marked reduction in length. This abbreviation is 
the more remarkable as there is no approach to it in the lowest of the Platyrrhine 
Monkeys. In the possession of a well-defined Sylvian fissure, a median lobe, and a 
calcarine sulcus, and in the general characters of the convolutions of the hemispheres, 
the brain of the Lemuridm follows precisely the same type as that upon which the brain 
of Man and the other Quadrumana is formed, and differs essentially from that of the 
Carnivora and all other orders of Mammalia. But while the gradations of the brains 
of this type are tolerably regular and unbroken between the largest and the smallest of 
the series (i. e. Homo and Hapale ), the Lemurs do not continue in precisely the same 
line of degradation, but rather should be placed as a small subseries parallel to the lower 
part of the large series, and distinguished from it by the shortness of the posterior lobes, 
the large size of the olfactory bulbs, and the inferior condition of the cerebellum. 

With regard to the general characters of the posterior lobes throughout the series, 
although the examination of all the forms is not yet complete, the facts which have 
already been brought together are sufficient to justify the following conclusions : — 

* A further examination of this specimen, and of the brains of some allied genera, leads me to doubt 
whether the above-described ‘ cavity ’ in the posterior lobe existed before dissection, the length of time that 
it had been in spirit having greatly facilitated this process. If it did not, it will justify the statement of 
the absence of the hippocampus minor by anatomists who have looked at this structure only in its relation 
to the posterior cornu, but at the same time will afford a further illustration of what I have endeavoured to 
show throughout this paper, viz. that the part of the brain to which this term has been applied can exist inde- 
pendently of the ventricular cavity. 
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1. That the posterior lobes, whether we understand by the term that portion of the 
cerebrum which lies over the cerebellum, or, taking our definition from internal struc- 
ture, that part which is situated behind the hippocampus major, exist in all the Qua- 
drumana, and are characterized in all by the presence of a deep longitudinal sulcus 
(calcarine) on their inner surface. 

2. That the length of this part of the brain, in relation to that of the antero-median 
portion, varies in different members of the series, but is greater in many of the Apes 
than it is in Man, and attains its maximum in the smaller members of the family Pla- 
tyrrhina. 

3. That the depth and complexity of the characteristic involution of the cortical grey 
matter surrounding the calcarine sulcus (or, in other words, that part which, according 
to its homology with the structure so named in the human brain, must be called “ hippo- 
campus minor”) is one of the most striking characteristics of the typical Simian brain, 
as it is greatest in Ccrcopithecus, Macacus , Cynocephalus , and Cebus, less in the anthro- 
poid Apes, and least of all, in proportion to the mass of cerebral substance contained 
in the lobe, in Man. 


Appendix. 

Table showing the comparative length of the posterior lobes of the cerebrum in certain 
Quadrumana, and other Mammalia, measured upon the plan described at p. 191. 



j Actual length in inches. 

Proportion. 

Anteromedian 

portion. 

Posterior 

portion. 

Antero-median 

portion. 

Posterior 

portion. 

Homo (average) 

4-40 

2-35 

100 

53 

Pithecus satyrus 

2-00 

1-00 

100 

50 

Presbytes leucoprymnus 

1*60 

•70 

100 

47 

Cercopithecus pygerythrus 

1-65 

•90 

100 

54 

C. sabajus 

1-65 

•90 

100 

54 

C. mona 

1-20 

•65 

100 

54 

Macacus silcnus 

1*75 

•95 

100 

54 

M. erythroeus 

1*75 

•90 

100 

52 

Cynocephalus porcarius 

2*20 

1*25 

100 

57 

Cebus apella 

1-60 

•95 

100 

59 

Nyctipithecus felinus 

1*20 

•70 

100 

58 

Hapale oedipus 

•85 

•50 

100 

59 

H. jacchus 

•80 

•50 

100 

62 

Lemur nigrifrons 

1-00 

•35 

100 

35 

Stenops Javanicus 

•90 

•40 

100 

44 

Otolicnus ? 

•85 

•35 

100 

41 

Pteropqs Edwardsii 

*79 

•18 

100 

24 

Erinaceus Europteus 

•60 

•07 

100 

11 

Cercoleptes caudivolvulus 

1-20 

•40 

100 

33 

Felis domesticus 

1*20 

•25 

100 

21 

Canis familiaris 

1-55 

•55 

100 

35 

Equus cabal lus 

3-50 

1-25 

100 

35 

Sus scrofa 

2-15 

•55 

100 

25 

Dicotyles torquatus 

2-00 

♦40 

100 

20 

Lepue cuniculus .: 

1-00 

•20 

100 

20 
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Explanation of the Plates. 

PLATE II. 

All the figures are of the natural size, except the first. 

Fig. 1. Inner face of the right cerebral hemisphere of human brain, reduced one-half in 
linear dimensions. A, B, C. Sections of the posterior lobe at the points 
indicated by the lines so lettered. 

Fig. 2. The same part of Presbytes leucoprymnus. 

Fig. 3. The same part of Cercopithecus pygerythrus. 

Fig. 4. The same part of Macacus erythrceus. 


PLATE III. 

Fig. 5. The same part of Cebus apella. 

Fig. 5 «. Horizontal section of left hemisphere of Presbytes leucoprymnus. The trans- 
verse lines show the mode of estimating the length of the posterior portion 
of the brain (B) as compared with the antero-median (A). 

Fig. 6. Side view of the brain of Cercopithecus pygerythrus , showing the exact form 
when in situ. The outline is drawn from a cast of the interior of the cranium. 

Fig. 7. Horizontal section of the brain of the same animal. On the right side the 
middle and posterior cornua are completely opened, so as to exhibit the rela- 
tive size and situation of the two hippocampi. In exposing the hippocampus 
minor to this extent, the limits of the cornu (as seen in the sections A, B, C, 
fig. 3) have not been exceeded ; but as the walls are more or less adherent, 
this must be regarded partly as a dissection. On the left side the walls of 
the cornu remain undisturbed, part of the brain only having been cut away 
to expose the commencement of the hippocampus major. 

Fig. 8. Side view of the brain of Hapale jacchus. 

Fig. 9. Upper surface of the same brain, the left hemisphere in section. 

Fig. 10. Inner face of the right hemisphere of the same brain. B. Section of the 
posterior lobe. 

Fig. 11. Upper surface of the brain of Lemur nigrifrons. 

Fig. 12. Base of the same brain. 

Fig. 13. Side view of the same. 

Fig. 14. Inner face of the same. B. Section of the posterior lobe. 

Fig. 15. Horizontal section of the brain of Galago. On the right side the section is 
carried rather low, and the hippocampus minor cut through ; on the left the 
whole surface of this structure is exposed by opening the posterior cornu 
from above. The form of the brain is somewhat altered by keeping in 
spirit. 
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Nomenclature and lettering of all the Figures. 


Gyri of the outer face:-— 

1. Infero-frontal. ' 

2. Medio-frontal. 

3. Supero-frontal. 

1\ Supra-orbital. 

4. Antero-parietal. 

5. Postero-parietal. 

5'. Postero-parietal lobule. 

6. Angular. 

7. Antero-temporal. 

Gyri of the inner face : — 

17. Marginal. 

18. Callosal. 

18'. Quadrate lobule. 

19. Uncinate. 

Sulci of the outer face : — 

a. Infero-frontal. 

b. Supero-frontal. 

c. Antero-parietal. 

d. Postero-parietal. 

Sulci of the inner face : — 

i. Calloso-marginal. 

k. Occipito-parietal. 

l. Calcarine. 

m. Dentate. 


8. Medio-tcmporal. 

9. Postero-temporal. 
fO. Supero-occipital. 

11. Medio-occipital. 

* 

12. Infcro-occipital. 

13. First external annectent. 

14. Second external annectent. 

15. Third external annectent. 

16. Fourth external annectent. 

20. Dentate. 

21-24. Internal annectent. 

25. Internal occipital lobule. 

26. Calcarine. 

e. Sylvian. 

f. Antero-temporal. 

g. Postero-temporal. 

h. Temporo-occipital. 

n. Collateral. 

** Hippocampus major. 

* Hippocampus minor. 
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X. On Magnetic Calms and Earth-Currents. 
By Charles V. Walker, Esq., F.B.S., F.B.A.S. 


Received February 3, — Read February 13, 1862. 

I use the word “ calm ” in a purely negative sense — not storm. For many months the 
earth has shown few marked signs of activity. Very few notable earth-currents have 
attracted attention since those of 1861, January 22 to 26, referred to in the last para- 
graph but one of my paper “On Magnetic Storms, &c.,” read February 14*. 

I had not proceeded far in the discussion of the results which form the subject of 
that communication, without discovering that I possessed close at hand, and under my 
immediate control, the means of verifying the conclusions to which I had arrived as to 
the general direction of earth-currents ; of extending the observations to periods when 
the earth is free of signs from extraordinary activity; and of further pursuing my 
inquiries. ' • 

In sections 3 and 4 of Table Xll.f I grouped together a scries of observations ; and 
in fig. 5 of Plate III. gave a graphic illustration of the same ; and from those data 
deduced the approximate Direction of Earth-Currents ; and determined the azimuth of 
the drift to be in turn about N.E. and S.W. 

I was unable to include many cases in these sections of the Table. Simultaneous 
observations including both limiting lines were few; I was therefore glad to have so 
ready at hand the means of multiplying and modifying them. The groups of observa- 
tions in the Table referred to were made on eight or nine different lines of telegraph, 
making various angles with the magnetic meridian ; and were bounded on the one hand 
by the London-Tonbridge line, making an angle with the magnetic meridian of 13°W., 
and on the other hand by the Dover-London line, making an angle of 136° E., the 
two lines making with each other an angle of 149°; from which it could be deduced, 
and was shown, that the direction in which the currents moved was included within an 
arc of (180° — 149°=)31°; and that this arc was situated midway between the lines in 
question (which arc those set off on fig. 5, Plate III., and numbered there, as well as in 
Tables XI. and XII., 23 and 26 respectively), extending from 46° to 77° E. of magnetic 
north, or W. of magnetic south. 

The Dover-London telegraph wires pass Tonbridge, where they eifter my private 
office, being attached to a telegraph instrument placed there. This gives me the imme- 
diate command of the Dover-London line, numbered 26 — 25 in Table XI. p. 130, and 
in figs. 1 and 6, Plate III., and which is one of the limiting or boundary lines. By 
cutting off the communication with Dover, that is to say, by connecting the wire with 

• Philosophical Transactions, 1861, p. 113. t Ibid. 1861, p. 131. 

2 D 2 
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the earth on the Dover side of Tonbridge, I obtain the other limiting line, Lon^pn- 
Tonbridge, Nos. 23 — 24 ; or if the wires are connected with the earth on the London 
side of Tonbridge, I obtain the Dover-Tonbridgc line. This is not given in my 
Table XI., but is very nearly identical with the Ashford-Tonbridge line there given, 
and numbered 32 — 31. It makes an angle of 118° E. with the magnetic meridian, and 
therefore falls, as shown in fig. 1, Plate III., intermediate between the other two, and 
incidentally is very useful in this investigation. 

The earth-currents which form the subject of the present communication are not 
detected by the ordinary telegraph galvanometer. I have therefore prepared a small 
horizontal galvanometer. The coil is inches long, f of an inch wide, and £ of an inch 
high, and is filled with silk-covercd copper wire, one yard of which weighs 5 grains ; it 
is No. 35 of the Birmingham iron-wire gauge, corresponding to a diameter of ^77 inch. 
It is placed in the magnetic meridian. The needle is 1 inch in length, and carries a 
light index projecting from the E. side of the coil. The range of the index is about 
55° on either side of 0°. The whole is covered by a glass shade. Earth-currents that 
attract no attention on the telegraph needles, produce on this instrument a deflection 
of 40° or 50°. It’ is placed in proper connexion with one of the Dover-London wires, 
and can be at any instant placed in circuit by merely pressing a spring, and thrown 
out of circuit by removing the pressure. Possession is obtained with equal facility of 
the London-Tonbridge or the Dover-Tonbridge section, by inserting a brass plug in one 
or other of two holes made in a divided brass disc. This is all the apparatus required. 
It is fixed on a slab within arm’s reach from my chair. At any moment, when I see by 
the telegraph needles that the wires are unoccupied by telegrams, I can take the three 


complete observations in a few seconds. The word “ up ” 
is engraved in face of the N.E. quadrant, and the word 
“ down ” in face of the S.E. 

The arrangement of this miniature observatory will be 
readily understood from the following diagram (fig. 9). 

L is the telegraph wire, entering the office from London ; 
D the wire from Dover; S the contact spring, and s the 
stud on which it rests. When the spring and stud are in 
contact, the ordinary telegraph signals pass along them 
between D and L without being visible on the galvano- 
meter G. The needle w, with its index i, and the circle of 
the galvanometer G, are given in one-third size ; a and b 
are the terminals of the galvanometer wire. When the 
spring S is depressed or removed from contact with the 
stud s, as shown in the diagram, no current can pass be- 
tween D and L without passing through the galvano- 



meter G. 1, 2, and 3 show in one-third size a brass disc divided into three parts, and 
fixed upon a block of mahogany, insulated each from the others. The middle piece of 
the disc is connected by a wire with the gas- and water-pipes, and is therefore in con- 
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ne^ion with the earth E. A brass plug is provided, which fits into the respective holes 
1, 2, and 3. When iijt the centre hole 1, this instrument is not in action ; when in the 
hole 2, it connects 1 and 2 together, so that the wire on the a or Dover side of the 
galvanometer is in direct communication with the earth E, and the galvanometer is in 
circuit between London and Tonbridge ; when the plug is transferred to the hole 3, for 
like reasons the galvanometer is in circuit between Tonbridge and Dover. Observations 
on the whole line, or on either of the two sections, are readily and rapidly obtained by 
this arrangement. 

The coil of the galvanometer is for convenience so wound, that when it is traversed 
by a positive current of electricity travelling towards London, or, to use railway lan- 
guage, “up” the line, the index moves in the right quadrant, or toward the word “up” 
engraved there; when, on the other hand, it is travelling from London, or “down” the 
line, the index moves to the left quadrant, or toward the word “ down.” 

The following is a Table of Observations made during October 1861. They are 
taken in the order of the columns 1, 2, and 3. The letters u or d are entered against 
each observation, according as the index moves to the word “up” or “down.” The 
time is taken at the end of the third observation. It is given in K Greenwich Mean 
Time,” fractions of minutes being rejected ; the local clock error being known by means 
of the “ Time Signals ” that come two or three times a day from Greenwich. 

Table XIII. 


Directions and Values of Earth-currents, collected at Tonbridge, 1861, October; from 
the London-Dover ; — London-Tonbridge ; — and Tonbridgc-Dover lines. 


Date. 

Time. 

Column 1. 

Column 2. 

Column 3. 

Date. 

Time. 

Column 1. 

Column 2. 

Column 3. 



• ii 

'S ° 

§p 

M cj 
u O 

1 « 

Tonbridge-Londou ,..w. 
London-Tonbridge ...d. 

Dover-Tonbridge u. 

Tonbridge-Dover d. 



Dover-London u. 

London-Dover d. 

§& 
l-g 
»S o 

j 0 

a a 

Dorer-Tonbridge u. 

Tonbridge-Dover ... 

1861. 


h m 




1801. 

h m 




Oct. 

1. 

9.31 A.M. 

1§« 

&d 

14 u 

Oct. 4. 

12.26 P.M. 


55 u 

50 u 



11.42 A.M. 

15 u 

35 d 



4.50 p.m. 


20 d 

2d 



2.20 p.m. 

4 u 

36 d 


Oct. 5. 

7.44 A.M. 

35 d 

50 d 

45 d 



- 2.35 p.m. 

3 u 

28 d 

7 u 

Oct. 8. 

1 1 A.M . 



31 d 

Oct. 

2. 

9*34 A.M. 

9 u 

4 d' 

11 fit 


12.56 p.m. 


15 u 

15 u 



12.24 p.m. 

23 u 

26 d 

42 u 


1.47 P.M. 

45 u 

lOd 

50 u 



2.15 p.m. 

17 « 

35 d 

20 u 


3.12 p.m. 

48 u 

50 d 

55 u 



2.47 P.M. 

0 

0 

0 

Oct. 9. 

6.20 a.m. 

12 u 

20 d 

25 u 



3.20 p.m. 

6u 

28(2 

18 u 


9.20 a.m. 

35 d 

25 u 

35 d 



3.35 p.m. 

0 

5 d 

0 

Oct. 10. 

6.58 a.m. 


15 d 

20 u 

Oct. 

3. 

7.2 a.m. 

35 d 

5 d 

20 d 


3.14 p.m. 

30 u 


50 u 



11.44 a.m. 

32 u 

14 d 

3Su 


10.0 P.M. 

55 d 

5u 

lOd 

• 


5.20 p.m. 

19d 

3d 

20 d 

Oct. 11. 

6.25 a.m. 

55 « 


55 u 



10.12 p.m. 

20 v 

0 

20 u 


9.6 A.M. 

55 d 

35 » 

50 d 

Oct. 

4. 

6.25 A.M. 

33 d 

3 u 

45 d 


10.25 a.m. ! 



0 



12.24 p.m. 

36 u 

29 d 

50 u 

Oct. 12. 

7.8 A.M. ! 

i 

5 u 

40 d 

40 u 
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Table XIII. (continued). 


Date. 

Time. 

Column 1. 

Column 2. 

Column 3. 

Date. 

Time. 

Column 1. 

Column 2. 

Column 3. 

* 


•a ^3 

J* 

|l 

Tonbridge-London 
London-Tonbridge ...d. 

- 

Dover-Tonbridge n. 

Tonbridge-Dover d. 



52 . 

§ g 
? 0 

§ Q 

M 0 
u. O 

If 

II 

M 

■g j 
11 

Dover-Tonbridge u. 

Tonbridge-Dover d. 

1861. 

li m 

0 



1801. 

ll 111 

O 

0 

0 

Oct. 12. 

9.10 A.M. 

20 d 

20 11 

40,/ 

Oct. 24. 

7.41 A.M. 

20 d 

20 K 

20 M 

Oct. 14. 

11.59 a.m. 

10,/ 

10 d 

10,/ 


7-47 A.M. 

\0d 

20 d 

5 u 


12.52 p.m. 

25 u 

30 d 

35 k 


7.54 a.m. 

\5u 

22 d 

35 u 


2.16 p.m. 

10 u 

12 f/ 

11 ,/ 


9.20 a.m. 

45 d 

25 u 

50 d 


2.45 p.m. 

5 u 

25 d 

1 5 u 


9.37 A.M. 

55 d 

45 u 

55 d 

Oct. 15. 

11.34 A.M. 

20 k 

40 d 

32 u 


10.25 a.m. 

30,/ 

15 K 

43 d 


12.19 P.M. 

18 k 

16 d 

25 u 


1 1.24 a.m. 

0 

12,/ 

8 u 


1.23 p.m. 

8 u 

30 d 

20 u 


1 1.47 a.m. 

13 </ 

25 u 

38 d 


2.30 p.m. 

2 u 

\5d 

7 u 


12.29 P.M. 

0 

15 d 

0 


.3.25 p.m. 

10 d 

4 u 

15 d 


2.40 p.m. 

22 u 

55 u 

15 u 


7.16 p.m. 

20 u & d 

5 u 

40 to 60 d 


2.44 p.m. 

55 a 

50 u 

50 m 

Oct. 16. 

6.37 A.M. 

10 d 

5 u 

35 d 

• 

3.32 p.m. 

55 u 

13 d 

55 u 


7.44 A.M. 

5d . 

35 u 

35 d 


4.23 p.m. 

7 n 

35 u 

0 


12.18 p.m. 

40 u 

50 d 

45 u 


5.3 P.M. 

3d 

32 u 

40,/ 

Oct. 17. 

10.52 a.m. 

23 a 

10 d 

30 n 

Oct. 25. 

6.14 a.m. 

15 d 

5 it 

30 d 


1 1 .25 A.M. 

20 k 

25 d 

38 u 


6.42 a.m. 

50 d 

20 u 

55 d 


11.43 A.M. 

26 u 

26 d 

40 k 


10.21 A.M. 

15,/ 

15 u 

20 d 


2.13 p.m. 

20 u 

18 d 

35 u 


10.29 a.m. 

40 d 

1 0 u 

33 d 


3.41 p.m. 

10k 

20 d , 

15 u 


1 1-10 a.m. 

\6d 

13 u 

30 d 


5.6 p.m. 

10 d 

15 d 

0 


4.50 p.m. 

20 u 

20 d 

30 u 

Oct. 18. 

6.35 a.m. 

30 d 

0 35 (l 


9.25 p.m. 

25 d 

15« 

40 d 


>.17 A.M. 

35 d 

25 u ( 45 (I 

Oct. 26. 

6.10 a.m. 

20 u 

25 d 

30 m 


8.36 a.m. 

35 d 

30 u ,32 d 


7.32 A.M. 

20 d 

35 k 

20 d 


10.58 a.m. 

,14 k 

10 d j 

28 k 


7.44 A.M. 

25 d 

40 k 

40 d 


1 1.37 A.M. 

24 k j 

10,/ 

34 u 


8.50 a.m. 

0 

5 d 

0 


12.30 P.M. 

40 n 

30 d 

48 k 


10.54 a.m. 

21 d 

15 u 

40 d 


12.57 p.m. 

22 k 

15,/ 

30 u 


12.19 p.m. 

0 

10 k 

0 


1.36 p.m. 

20 11 

25,/ 

40 k 


12.57 P.M. 

0 

0 

0 


2.44 p.m. 

25 in 

18 d 

34 u 


1.10 p.m. 

20 k 

20,/ 

26 M 


3.39 p.m. 

15 u 

12,/ 

lGu 


1 *26 p.m. 

0 

8 u 

0 

Oct. 19. 

7*12 A.M. 

25 d 

10 k 

38,/ 


4.1 P.M. 

0 

5 ,/ 

0 


12.1 P.M. 

12 k 

40 d 

45 u 


9.45 p.M. 

0 

1 Od 

0 

Oct. 21. 

7.7 A.m. 

5 d 

0 

35 d 


10.45 p.m. 

lOrf 

10 d 

10,/ 


10.10 A.M. 

28 d 

15 u 

32 d 

Oct. 28. 

7.15 A.M. 

0 

15 u 

0 


1.24 p.m. 

50 u 

22 d 



10.19 a.m. 

0 

20 d 

8 u 


1.42 p.m. 

50 u 

I0d 

50 u 


10.35 A.m. 

23 d 

15m 

32 d 


2.21 p.m. 

55 u 

25 d 

52 u 


1 1 *S a.m. 

5d 

24 d 

0 


2.56 P.M. 

43 k 

15 d 

47 k 


1 1.18 A.M. 

16 d 

18 d 

1 2d 


3.35 p.m. 

45 u 

22 d 

50 k 


1 1 .37 A.M. 

20 d 

10m 

35 d 

Oct. 22. 

6.15 A.M. 

0 

5d 

2 k 


42.13 p.m. 

20 d 

4 M 

27 d 


7*15 A.M. 

5d 

0 

25 d 


12.57 P.M. 

23 d 

0 

26 d 


7.57 P.M. 

5 d 

0 

5d 


1*9 P.M. 

30 d 

14 M 

40 d 

Oet. 23. 

6.13 A.M. 

0 

5 u 

0 


2.50 p.m. 

10,/ 

3m 

14 d 


7.0 A.M. 

5 d 

o 

0 


3*21 p.m. 

8 u 

40 d 

28 u 


7*31 A.M. 

bd 

10 k 

30 d 







1 0.1 3 A.M. 

1 Sd 

35 k 

32 d 


10.10 p.m. 

20 u 

15 d 

15 u 


1.1 P.M. 

16 u 

16,/ 

38 u 


10.20 P.M. 

5 d 

10 d 

10 d 


1.45 P.M. 

40 u 

0 

45 u 


10.30 p.m. 

5d 

10,/ 

5d 


3.9 P.M. 

45 it 

0 

50 u 


19.40 p.m. 

5 u 

25 d 

20 u 

Oct. 24. 

6.20 A.M. 1 

0 

7 d 

7k 


10.50 p.m. 

15 d 

5u 

5 to 20 d 

i 

7 A.M. I 

0 1 

0 

2 u 


11.0 P.M. 

20 d 

5 to 15 « 

20 d 
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Table XIII. (continued). 


Date. 

Time. 

Column 1. 

Column 2. 

Column 3. 

Date. 

Time. 

Column 1 

Column 2. 

Column 3. 



Dover-London u. 

London-Dover d. 

fl © 

5 bD 

'Srg 

J! 

TJ r; 

•si 

■fS 

S3 

Dover-Tonbridge w. 

Tonbridge-Doyer d. 

i 

% 

JsW 

ii 

|| 

<5*3 

Tonbridge-London 
London-Tonbridge ...d. 

if 

II ' 

PH 

1861. 

h m 

o 

o _ 

O 

1801. 

h m 

0 

0 0 

O 

Oct. 28. 

11.10 P.M. 

0 

10 d 

3 M 

Oct. 29. 

4.43 a.m. 

10 d 

0 to 5 u 

12c/ 


11.20 P.M. 

15 u 

18d 

20 h 


4.53 a.m. 

10c/ 

0 to 5 u 

15c/ 


11.30 f.m. 

5 u 


5 u 


5.0 A.M. 

8c/ 

0 to 1 0 w 

14c/ 


11.40 p.m. 

36 d 

42 u 

52 d 


5.10 a.m. 

8c/ 

8 M 

18c/ 


11.50 p.m. 

25 d 

22 u 

35 d 


5.20 a.m. 

4c/ 

0 to 1 0 u 

5c/ 


1 2.0 p.m. 

18 d 

0 

20 d 


5.30 a.m. 

0 

0 to 1 5 u 

0 

Oct. 29. 

12.10 a.m. 

22 d 

22 d 

22 d 


5.40 a.m. 

4c/ 

0 to 4 M 

5c/ 


12.20 a.m. 

10 d 

0 

\5d 


5.50 a.m. 

0 

10;/ 

2d 


12.30 a.m. 

18c/ 

8 d 

20 d 


6.0 A.M. 

0 

5 u to 5 d 

0 


12.40 a.m. 

22 d 

8 u 

36 c/ 


6.10 A.M. 

0 

P to 5 M 

0 


12.50 a.m. 

lOd 

7d 

13 c/ 


6.20 a.m. 

0 

5 d 

0 


1.0 A.M. 

10 d 

5 d 

1 2d 


6.30 A.M. 

0 

0 

0 


1.10 A.M. 

15 d 

6d 

i 20 d 


6.40 a.m. 

5 u 

0 

8 M 


1.20 A.M. 

\2d 

8d 

20 d 


6.50 a.m. 

5 u 

10 d 

25 ;/ 


1.30 A.M. 

18 c? 

6 d 

20 d 

1 

7*7 A.M. 

10 u 

7 « 

10m 


1.40 A.M. 

12fl? 

5 d 

19 d 







1.50 A.M. 

15 d 

5d 

21 d 


' 7.30 A.M. 

15 m 

0 

20 m 


2.0 A.M. 

18 c/ 

10m 

1 3d 


7.47 A.M. 

15;/ 

0 

15 m 


2.10 A.M. 

18 c/ 

0 

20 d 


1 0.5 A.M. 

10;/ 

0 to 20 d 

16 M 


2.20 A.M. 

23 d 

19 m 

13d 


12.2 p.m. 

8 u ‘ 

10 c/ 

28 m 


2.30 A.M. 

18c/ 


20 d 


12.25 p.m. 

0 1 

10 d 

0 


2.40 a.m. 

10c/ 

15 u 

12c/ 


3.13 p.m. 

10c/ 1 

12 m 

16 c/ 


2.50 a.m. 

5d 

0 

10c/ 


3.29 P.M. 

10c/ 

12m 

18c/ 


3.0 A.M. 

15 d 

10 d 

15 c/ 

Oct. 30. 

6.10 a.m. 

0 

10m 

10c/ 


3.10 A.M. 

13d 

5 d 

19<* 


6.30 a.m. 

0 

10m 

5c/ 


3.20 a.m. 

\3d 

0 

16<Z 


6.41 A.M. 

0 ! 

20 m 

8c/ 


3.30 a.m. 

15 d 

0 

20 d 


7.42 A.M. 

0 

15m 

5c/ 


3.40 a.m. 

1 2d 

Ad 

5 d 


9.20 A.M. 

17 m 

1 to 10 c/ 

20 m 


3.50 a.m. 

10 d 

0 

12c/ 

Oct. 31. 

6.12 A.M. 

10c/ 

10m 

20 d 


4.0 A.M. 

12d 

2d 

19«Z 


6.30 a.m. 

0 

10m 

0 


4.10 A.M. 

14 d 

10m 

20 c/ 


9.43 A.M. 

18m 

8 m to 1 2 d 

21 M 


4.20 a.m. 

10c/ 

5 u 

20 d 


11.59 A.M. 

14m 

4 2d 

38 m 


4.30 a.m. 

0d 

Ot o5m 

11 d 


6.54 P.M. 

0 

0 to 1 5 m J 

Ad 


Column 1, u is the direction 26 — 25 of Table XI.* and Plate III. figs. 1 & 5. 


- !) ^ 

95 

25—26 

95 

59 

59 

Column 2, u 

55 

24—23 

55 

59 

59 


59 

23—24 

5? 

99 

55 

Column 3, u 

55 

32—31 

99 

95 

%. I. 

„ A 

51 

31—32 

95 

59 

59 


When column 1 contains an entry of an “ up ” current u, and column 2 of a “ down ” 

* Philosophical Transactions, 1861, p. 130. 
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current d, we have the result of which a few cases were collected and given in Table XII. 
section 3, and shown graphically in Plate III. fig. 5. The result is further confirmed 
when the entry in column 3 corresponds in direction with that in column 1. 

Whqp the directions recorded in columns 1, 2, and 3 are d, u, and d respectively, we 
have the results given in Table XII. section 4. 

As I shall have occasion to refer incidentally to the possible influence of heat or 
cold, &c. over the relative values of the currents registered in the three columns of 
Table XIII., I have given in Table XIV. the Meteorological Register taken at Ton- 
bridge, and kindly furnished to me by Dr. Fielding. The barometer readings are 
corrected and reduced to sea-level at 32°. 


Table XIV. — Meteorological Register taken at Tonbridge, October 1861. 


October 


Barometer, 
'J a.m. 


in. 

1. 29-827 

2. 29’9G7 

3. 30-217 


5.1 

7 1 

8 


1 V. 
11 . 
12 . 

13 . 

14. 
15. 1 
Id. 1 
17. 
is: 
19.' 


30-223 

30-089 

30-227 

30-153 

29*975 

29- 973 

30- 045 

29- 559 

30- 039 
30-105 
30-133 
30-181 
30-265 
30-351 
30*221 
30-065 


20. 29-933 

21. 29-863 


22. 29-881 

23. ; 30-103 

24. | 30-135 

25. ; 30-167 

26. ^ 30-217 

27. ! 30-143 

28. ' 30-143 

29. 1 30-065 

30. ' 30-983 

31. 30-921 


Degree of 
moisture, 

9 A.M. 

Shade, 

maximum. 

Shade, 

minimum. 

Mean 

tempera- 

ture. 

Wind 
at 9 a.m. 

Pluvio- 
meter, 
9 A.M. 

0 

94 

70-5 

55-3 

62*90 

S.K. 

0-015 

88 

65 

48 

56-50 

N. 

0-080 

93 

66 

52 

59 

N. 

0-010 

79 

65-8 

48 

56-75 

S«E« 

0-005 

96 

66-8 

55-5 

61-15 

S. 

0-000 

91 

61 

57 

59 

E. 

0-010 

.97 

69*8 

53-5 

61-55 

N.E. 

0-080 

97 

71-6 

57 

64-30 

N. 

0-010 

94 * 

65 

48 

56-50 

s. w. 

0-040 

96 

67*5 

51-5 

59*50 

N.E. 

0-030 

88 

69 

49-8 

59-40 

s.s.w. 

0-070 

79 

62 

55 

58-50 

s.w. 

0-320 

79 

65-8 

55-6 

60-70 

s.w. 

0-005 

92 

70-4 

47-2 

58-80 

E. 

0-000 

81 

68-4 

48-2 

58-30 

E. 

0-000 

90 

57 

43-2 

50-10 

N. 

0-000 

74 

58-6 

49-2 

53-90 

E. 

0-000 

80 

59 

42 

50-50 

S.K. 

0-000 

93 

60 

43 

51-50 

E. 

0-000 

96 

62 

48 

55 

E. 

0-000 

80 

59 

50-5 

54-75 

E. 

0-020 

93 

60-3 

48-5 

54-40 

S.E. 

0-030 

89 

57-4 

47 

52-20 

S.W. 

0-310 

84 

61-3 

56 

58-65 

S. 

0-010 

91 

62 

50-5 

56-25 

w.s.w. 

0-030 

84 

57 

43 

50 

N.E. 

0-000 

80 

56 

46-5 

51-25 

E. 

0-000 

72 

53-4 

43 

48-20 

E. 

0-000 

74 

52-2 

43 

47-60 

E. 

0-000 

76 

53-3 

43 

48-15 

N. 

0-015 

89 

53 

44 

48-50 

N. 

0-000 


In Table XV. is given an analysis of the contents of Table XIII. Observations of a 
like character (as well as others to be hereafter referred to) were taken during the 
month of November. I have not thought it necessary to give them in detail, but have 
included a summary of them in this Table together with those of October. 
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Table XV. — Analysis of Observations of Earth-Currents collected 18G1, 

October and November. 



In October there are three cases (000), and in November two, in which no deflection 
• of the needle occurred in either of the three observations ; and many individual cases are 
recorded. No particular stress is laid on these cases of no action. They merely indi- 
cate that the current, if any, was too small to affect the particular instrument used ; a 
more delicate instrument might doubtless have given signs. 

Of the 276 complete observations, 230, or five-sixths^ are in accordance with the con- 
clusions already arrived at — that the general direction of the drift of earth-currents is 
approximately N.E. or S.W. And the numbers of each kind come out nearly the same : 
116 N.E. u, d, u ; — and 110 S.W. d, u, d. The conditions of this group of results, which 
for convenience may be called normal, given graphically in Plate III. fig. 6, may be 
gathered in detail more readily from figs. 10 and 11. 



N is the magnetic north ; L — D, London-Dover ; L — T, London-Tonbridge ; T — D, 
Tonbridge-Dover. The respective lines of direction are further shown by the arrow- 
kDCCCLXII. 2 E 
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heads, — one semi-barb indicating column 1 ; two, column 2 ; three, column 3. The 
arrow-heads pointing upwards all apply to “up” currents u; those pointing down- 
wards, to “ down ” currents d. The dotted portion of the circumference of the circle is 
the arc of the horizon, within which the resultant is to be found. The degrees are 
given reckoned from the north, eastward round the circle. Fig. 10 represents the N.E. 
noi'mal , or u, d, u, in Tables XIII. and XV. ; fig. 11 the S.W. normal , or d, u, d. 

From these Tables it appears that the prevailing currents, or those of most frequency, 
are from the N.E. or S.W.; this as well in calm periods as in periods of magnetic storms. 
In the absence of long-continued and consecutive observations, it is not easy to form an 
opinion as to whether the N.E. or S.W. currents prevail more or less at one part of the 
day than at another ; or to what extent, if at all, the directions or alternations arc 
influenced by local meteorological changes or conditions. In ‘ Les Archives des Sciences 
Physiques,’ vol. xi. pp. 110-13G, is a memoir by Father Secchi, “On the Connexion of 
Meteorological Phenomena and Variations of the Intensity of Terrestrial Magnetism,” 
in which he expresses very strongly his opinion that every rupture of meteorological 
equilibrium produces a rupture of electrical equilibrium, which can only be re-established 
by means of a current which discharges itself from place to place, which current cannot 
fail to act upon the magnetometers. Here is a wide field for research. Although I am 
not engaged in investigating the origin of the currents, 1 cannot avoid expressing my 
opinion that the value of existing currents, if not their direction (I speak locally), may 
be more or less influenced by meteorological changes, especially cloud, sunshine, or tem- 
perature. The currents at calm periods are at best but feeble. The resistances of the 
various parts of the telegraph wire through which they pass vary with the varying tem- 
peratures, so that it is quite reasonable to expect that, even when no change is taking 
place in the absolute value of the current travelling in the earth, the needle of the 
galvanometer may move forward or backward according as sunshine or cloud, heat or 
cold prevail here or there in the district under examination. This opinion is sanctioned 
in some degree by the result of some night observations made on October 28 — 29. My 
original observations were almost wholly made by day. On the night in question obser- 
vations were made every ten minutes from 10.10 i».m. to 6.50 a.m. During this period 
there was evidently an excess of S.W. currents ; the proportion of u, d, u to d, u, d currents 
was 1 : 2’7, whereas the day proportion for the month was 3 7 : 2*7. Also fifteen out of 
the twenty-five d, d, d currents were collected during the night ; in fact there were only 
ten u, d, u currents in the whole fifty-six night observations. From 11.40 p.m. to 5.40 A.M. 
the London-Dover wire collected a continuous down d current, varying more or less in 
intensity; from 5.40 to 6.30 a.m., the current was too feeble to be appreciated; at 6.40 
it was found in the reverse direction u, and was so when the observations were inter- 
rupted at 7.47. — These remarks in passing. 

There is no consistency in the relations between two derived currents collected at the 
same time from the same earth-drift of electricity : this may be in great measure due, 
as I have hinted, to local meteorological interference, if not to the absolute differences 
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of value in the different sections of the drift itself. I have taken at random, from the 
October observations, a few cases for illustration : — 


13 u . 

• • 

. 38 u 

14 m . 

• 

• • 

. 28 m 


• • 

. 31 m 

15 u . 

• • 

. 15 M 


• • 

. 16 m 

V 

• • 

. 20 u 

• 

• • 

. 30 m 

11 • 

• • 

. 35 m 

16 u . 

• • 

. 14 u 

11 • 

• • 

. 38 m 

17 u . 

• ■ 

. 20 m 

18 u . 

• • 

. 21m 

« * • 

• • 

. 25 m 


The first column are Dover-London currents ; the second, Dover-Tonbridge. Being 
read off on the same instrument, and under circumstances so favourable, they are strictly 
comparable. There are no relative values to be traced. For instance, 1 3° corresponds 
with 38°; 18° with 21° and 25°; 15° is coupled with various values — 15°, 16°, 20°, 30°, 
and 35°, and so on. These illustrations may be extended at pleasure. 

Since my original communication to the Royal Society, an eighth article,” by Pro- 
fessor Loomis, has appeared in the ‘American Journal,’ vol. xxxii., November 1801. On 
discussing the results accumulated in America, he infers that all the facts are consistent 
with the supposition of electric currents moving to and fro on the earth’s surface, the 
average direction of which, on that continent, is from about N. 45° E. to S. 45° W., a 
result remarkably in accordance with the conclusions to which we have arrived by a 
somewhat different process for the S.E. part of England. lie has also discussed, in quite 
another way, the magnetic disturbances in Europe ; and he obtains a direction for the 
electric wave, connected with those disturbances, from N. 28° E. to S. 28° W. over the 
surface of Europe. These approximations are noteworthy. 

It is plain, however, from Tables XIII. and XV., that currents from time to time 
flow from some point in the S.E. and in the N. W. quadrants. These directions may for 
the present be called abnormal. In the existing state of our knowledge, it is impossible 
to say whether they indicate the state of transition between the two normal quadrants. 
The cases are few in number. In October, 26 were recorded ; in November, 16 ; or 
of the whole number. In December also I noticed a few. Like the normal , they are 
subdivided into two classes: m, u, m, 11; d, d, d, 31. The current was constant in the 
d, d, d direction, with a single interruption, from midnight October 28 to 1.50 a.m. 
October 29. Currents of this kind, as may be seen in Table XIII., are as definitely 

2 e 2 
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marked as the others ; their values are equally large. They are expressed graphically 
in figs. 12 and 13. 



The references and letters are the same as in figs. 10 and 11. The lines of direction 
are not favourable for arriving at an approximate place for the resultant. We have to 
seek it within the large arc of 131°, which includes respectively the whole of the S.E. or 
N.W. quadrant. I have the command at Tonbridge of the Ramsgatellarbour-Tonbridge 
line, to which I shall have occasion hereafter to refer. It corresponds nearly with the 
Shalford-Red Hill, 34 — 33 of Table XI. and Plate III. fig. 1 ; it makes an angle with 
the magnetic meridian of 99°, reckoned eastward. Many observations on this line are 
given in Table XVI. column 3, and in all cases will be found to coincide in direction 
with those on the Tonbridgc-Dover line. I have therefore been able to lay down this 
line in figs. 12 and 13. It is indicated by the letters RT', and by three semibarbs. It 
reduces the arc to 112°, which, however, is still large, and which I cannot further 
reduce by the means at my command. 

Since I wrote the note (1801, July) which appears in the * Philosophical Transactions ’ 
for that year, Part I. p. 96, the Astronomer Royal has laid his proposition for erecting 
earth-current wires before the Board of Directors of the South-Eastern Railway, which 
has been referred to me ; and it is needless to say has had my favourable report. The 
Directors have entertained the proposition most cordially; and have approved of the 
erection of the wires at cost price, and conceded the right of way and maintenance on 
the payment for each of a nominal sum of a few shillings annually. 

The Greenwich-Dartford wire will make an angle of about 60° W. of N. (magnetic), 
nearly coincident with my Tonbridge-Ashford, or with the Tonbridge-Dover line of the 
present communication. The Greenwich-Croydon wire will make an angle of about 
47° E. of N., pr not far from the direction of my Ashford-Hastings line. By combining 
the wires at Greenwich, the Dartford-Croydon line may be obtained, which is 84° E. 
of N., or nearly my Ramsgate-Ashford direction. Treating these lines in the usual 
way, we shall have an arc of 36° or 107°. The former will be between N. and N.E., and 
out of the range. The latter, which however is very large, will include the range. I 
look forward with- great interest to the completion of these wires, in order that we may 
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see the result of uninterrupted observations, which cannot be obtained from our highly 
occupied telegraph wires. 

I purpose erecting these wires as soon as the insulators are made ; which will be con- 
structed with great care, of a double conqentric cup of ebonite, with an outer cup of 
French porcelain. The ebonite cups will be turned in a lathe before fitting, so as to 
present a perfectly smooth surface. They will be placed on the apex of our telegraph 
poles*. 

Four exceptional cases presented themselves among the 276 observations. Their 
character is given in Table XV. They are beyond the reach of the system of analysis 
we have adopted. Whether the general direction of the current-drift was changing at 
the moment of observation, and was complete in one part of the district and not so in 
the other, I cannot, with these very rare and isolated data, pretend to say. The results 
are given precisely as read off. There was no reason to suspect any interferences from 
artificial currents ; a few more cases may throw more light on this exceptional class. 

A few entries will be found in the Table XIII. as thus : 5° to 15°; 0° to 10°; 5° u to 
5° d, &c. The derived currents in these cases were unstable. A few of the earlier cases 
that occurred were questioned, and I was disposed to reject them, the impression being 
that they were due to interference from strong telegraph currents entering into the 
observing-wire. But instances occurred in which there was no reason to suspect inter- 
ferences, they are therefore placed on record. 

We speak of electric currents in this inquiry ; the word conveys the idea of length 
without width. The currents in question necessarily and evidently cover large areas, 
presenting as it were an electric plane. Passing on from the determination of mere 
direction, I was able to survey the two sides of the same plane. By reference to the 
map (vol. 159, Plate II.), the Ramsgatellarbour-London and the Dover-Tonbridge 
lines are not many degrees from being parallel. They are about 20 miles apart ; the 
former is 67 miles, and the latter 45 miles in length. I have at Ashford junction a turn- 
plate or switch. When desiring to make the observations on the Ramsgate-London 
line, I call Ashford and give the word “ branch ; ” the reply is “ yes ” or “ no,” accord- 
ing as it is at liberty or not. If at liberty, the switch is turned, and I have the command 
of the wife from Ramsgate to London, the telegraph length of which is 97-| miles ; and 
then, by placing the plug in the hole 3 of fig. 9, for reasons already explained, the 
command is obtained of the Ramsgate-Tonbridge lino* 

Observations of this kind have been made from time to time ; the results are given in 
Table XVI. The letters in this and subsequent Tables have the same .references as 
those in Table XIII. 

* I completed the two wires, and handed them over to the Astronomer Royal, June 30 , 1862 . 
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Table XVI. — Directions and Values of Earth-Currents collected at Tonbridge, 1861, 
November and December; from the Tonbridge-Dover, London-Ramsgate, and Ton- 
bridge-Ramsgate lines. • 


Date. 

Time. 

Column 1. 

Column 2. 

Column 3. 

— 

Date. 

Tune. 

Column 1. 

Column 2. 

Column 3. 



Dover-Tonbridge u. 

Tonbridge-Dover d . 

38 

9 

St 

►3 j 

ip? 

& & 

1 ! 

S3 

S | p 

C 2 

■g a 

H 1 

if 

Sj’C 

Jg 



Dover-Tonbridge u. 

Tonbridge-Dover d. 

38^ 

if 

“ fin 

a 

if 

If 

Jl 

If 

If 

ll 

If 

§ a 

eg 0 

p?h 

1861. 

h in 




1861. 

h m 

• 

0 

0 

0 

Nov. 17. 

12.35 P.M. 

28 u 

10m 

14m 

Dec. 3. 

6.13 A.M. 

18<7 

9 d 


Nov. 20. 

7.34 A.M. 

25 d 

15(7 

20 d 

Dec. 4. 

6.20 a.m. 

0 

5 d 

0 

Nov. 21. 

7.7 A.M. 

0 

0 

0 


1.25 p.m. 

40 u 

27 m 

32 m 

Nov. 22. 

7.1 A.M. 

15 k 

12 u 

0 

Dec. 6. 

6.39 A.M. 

5 u 

0 

0 

Nov. 25. 

3.25 P.M. 

14 m 

0 

7« 

Dec. 7- 

6.24 a.m. 

25 m 

35 m 

42 k 

Nov. 26. 

6.35 A.M. 

35 u 

20 u 

15 M 

Dec. 9. 

7-18 A.M. 

20 m 

0 

0 


3.24 P.M. 

10 m 

15 m 

15 m 

Dec. 13. 

6.49 A.M. 

10 u 

20 m 

20 k 

Nov. 27. 

6.19 A.M. 

10 u 

10m 

15 m 

Dec. 14. 

6.35 A.M. 

15(7 

10(7 

20(7 


1 11.47 A.M. 

15(7 

11 d 

10 (7 

Dec. 17. 

6.30 a.m. 

10(7 

5 d 

5(7 


12.32 p.m. 

16 d 

0 

0 

Dec. 19. 

6.23 A.M. 

0 

15 m 

20 M 


2.18 p.m. 

28 d 

8(7 

20 d 


8.18 p.m. 

55(7 

55(7 

55(7 


2.38 p.m. 

26 d 

24 d 

29 d 

Dec. 20. 

6.30 a.m. 

5 m(?) 

15(7 

10(7 

Nov. 28. 

6.20 A.M. 

0 

0 

2 m 

Dec. 21. 

6.24 a.m. 

10m 

20 m 

30 u 

Nov. 29. 

6.33 a.m. 

5 d 

2d 

0 

Dec. 26. 

6.34 a.m. 

25 m 

20 m 

25 m 


1.13 P.M. 

17 d 

23(7 

35 d , 

Dec. 27. 

6.35 A.M. 

15 m 

15 m 

20 m 

Nov. 30. 

6.22 A.M. 

10(7 

0 

5 d 

Dec. 28. 

6.23 a.m. 

0 

2m 

2k 

Dec. 2. 

2.27 P.M. 

22 u 

7 d 

5 d 

Dec. 31. 

6.26 a.m. 

30 d 

25 d 

30(7 


Column 2 gives the Ramsgate-London results, or the survey of the north side of the 
parallelogram ; and column 1 the Dover-Tonbridgc results, or survey of the south side 
of the parallelogram. In every instance, with a solitary exception during the two 
months of observation, the directions coincide ; the current or drift or electric plane is at 
least 20 miles wide, and the behaviour of its two limits is consistent. The proportion 
between the values of the currents on the two sides of the plane is not constant, but is 
a little better maintained than that of Table XIII. before referred to. The Ramsgate- 
London, or 67-mile line collected by 97| miles of telegraph wire, gives in the majority 
of cases a less value than the Dover-Tonbridge, or 45-mile line, collected in 46f miles 
of wire. 

Column 3 of Table XVI., already noticed, is the Ramsgate-Tonbridge line. It makes 
a diagonal across the plane. The directions in all cases coincide with. those of the 
other two lines, and so give a further evidence of consistency. 

Tonbridge is almost in a direct line between London and Hastings, and very nearly 
equidistant. Lines 21 — 22, and 23 — 24, Plate III. fig. 1, give the true readings. I have 
a switch or turn-plate in the Telegraph Office at the Tonbridge junction, by means of 
which the Tonbridge-Hastings wire can be placed at my request in connexion with the 
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Tonbridge-London wire. The direct line between London and Hastings is 53 miles. I 
have thus an opportunity of making observations on the whole of this line, or on either 
half, the direction of all three being the same. The results of these observations are 
given in Table XVII. Column 1 contains the value of currents collected on the whole 
line of 53 miles; column 2, those on the London half of 27 miles ; and column 3, those 
on the Hastings half of 26 miles. 


Table XVII. — Directions and Values of Earth-Currents collected at Tonbridge, 1861, 
November and December; from the London-Hastings, London-Tonbridge, and 
Tonbridge-Ilastings lines. 


Date. 

Time. 

Column 1. 

Column 2. 

Column 3. 

Date. 

Time. 

Column 1. 

Column 2. 

Column 3. 



» "ft 

ft ^ 

ft ^ 



ft "ft 

ft "ft 

ft "ft 



If 

|J 

c§ 

c <t> 

obf 

G u 

•31 

% * 

C 0 

jD TJ 

stings-Tonbridge.. 

lbridge-Hastings.. 



If 

II 

g & 

0 

G^ 

a| 

rs a 

C 0 

rO T3 

Hastings-Tonbridge . 
Tonbridge-Hastings . 



i'2 



r ^ 



da 


0 





1861. 
Nov. 15. 

h m 

12.34 p.m. 

id 

18 d 

0 

1 d 

1861. 
Nov. 29- 

h m 

6.24 a.m. 

0 

2 k 

O 

5 M 

1 

0 

0 


1.56 p.m. 

Sd 

24 d 


Nov. 30. 

6.17 A.M. 

5 u 

10 m 

: m 

Nov. 16. 

10.19 A.M. 

4 u 

44 u 

6 u 

Dec. 2. 

11.18 A.M. 

0 

Bd 

oi 


1 0.53 A.M. 

20 d 


0 

Dec. 3. 

6.13 A.M. 

5 d 

0 

5 d 

Nov. 17. 

1 2. .15 p.m. 

5 u 

10 u 

4 u 

Dec. 4. 

6-17 a.m. 


15 d 

hd 

Nov. 20. 

7*37 A.M. 

hd 

\0d 



1.29 p.m. 


\6d 

1 d 


10.50 A.M. 

7 u 

8 u 

4 u 

Dec. 5. 

6-24 a.m. 

5 d 

0 

5 d 

Nov. 21. 

7* 10 A.M. 

0 

5 d 

0 

Dec. 6. 

6-37 A.M. 



fjK 


9.35 A.M. 

12 u 

18 u 

0 

Dee. 7. 

6.22 a.m. 


5d 

HH 


11.46 A.M. 

4 u 

6 u 

3 u 

Dec. 9. 

7*16 a.m. 

hd 

0 

hd 


12.49 P.M. 

0 

0 

5 u 

Dec. 13. 

6-43 a.m. 


0 

0 

Nov. 23. 

6.22 A.M. 

hd 

10 d 


Dec. 14. 

6-33 a.m. 

5 u 

10 M 

0 


9.1 A.M. 

0 

10« 


Dec. 17. 

6-29 a.m. 


hd 

0 

Nov. 25. 

1.34 P.M. 

6 u 

12 m 

4 m 

Dec. 18. 

6.20 a.m. 

5 d 

lOrf 

5 d 


2.47 P.M. 

8 u 

5 u 

9 u 

Dec. 19- 

6.21 a.m. 

hd 

lOrf 

5 d 


3.24 p.m. 

8 m 

23 m 

7 u 

Dec. 20. 

6*20 a.m. 

lOrf 

25 d 

5 d 

Nov. 26. 

6.34 A.M. 


10 d 


Dec. 21. 

6*22 a.m. 

15 d 

28 d 

10rf 

Nov. 27* 

6.17 A.M. 


0 


Dec. 26. 

6-30 a.m. 


\0d 

0 


12.32 p.m. 

7d 

5 d 

5 d 

Dec. 27. 

6*34 A.M. 

■ 

0 

0 


2.18 p.m. 


3 u 

0 

Dec. 28. 

6.21 A.M. 


0 

0 

Nov. 28. 

6.17 A.M. 

0 

5 u 

2 </(?) 

Dec. 31. 

6.23 a.m. 

0 

0 

0 


If the value of these derived currents depended simply on the mere distance between 
the earth-plates or observing-stations, and their bearing each on the other, it is obvious 
that the values in columns 2 and 3 would be identical, or in this case nearly so. The 
London-Tonbridge wire-length is 41 miles; the Tonbridge-Hastings 33; so that the 
value on the latter length should be a little higher if anything, the resistance being less. . 
But, with very rare exceptions, the Tonbridge-Hastings values are seen to be greatly 
below the Tonbridge-London. The contrast is remarkable. In some cases the differ- 
ences are very conspicuous. I have made a sufficient number of observations, extended 
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over two months, to satisfy myself that the one section is under all circumstances less 
active in derived currents than the other. This difference can only be attributed, as 
already suggested in my former communication (p. 109), to the different geological con- 
ditions of the two sections of country, a difference which may operate in two ways : 
either the resistance of the section may be relatively great, so that the earth-plates 
penetrate into a portion of the electric plane that is traversed by a current of low value, 
and hence the derived current is comparatively low ; or the resistance of the section 
may be relatively small, so that, although the earth-plate may penetrate into a portion 
of the electric plane that is traversed by a current of higher value, yet the wire resist- 
ance, in contrast with the high conducting power of the earth section, may cause the 
derived current to have a relatively low value. 

The London-Hastings line makes an angle of possibly 70° with the N.E. or S.W. 
resultant, that is with the u, d, u or the d, w, d currents ; so that even with a good 
geological section and with a perfect knowledge of the relative resistances of its various 
parts, it would be no easy matter even to hint at the precise relation between the value 
of the current and the structure and arrangement of the strata. Mr. Robert Hunt has 
kindly furnished me with a geological section of the country between London and 
Hastings drawn by Mr. F. Drew. Between London and Tonbridge are included, London 
clay; Woolwich beds (sand); chalk; gault (clay); lower greensand, sand and a little 
limestone; clay; sand and sandstone; clay. Between Tonbridge and Hastings, sand 
and sandstone ; clay and a little limestone. There are many faults also between Ton- 
bridge and Hastings. 

Column 1 of Table XVII. contains the values given by the whole length, from London 
to Hastings. They differ but little, save in one or two instances, from the Tonbridge- 
Hastings values; and are consequently very low in comparison with the Tonbridge- 
London values. These facts all indicate the very notable influence of local conditions, 
other than the meteorological variation already noted, over the relative value of the 
current in different parts of the plane. 

It was a matter of considerable importance to determine with certainty whether the 
currents with which I was dealing were in whole, or only in part, earth-currents ; 
whether, that is, any portion of the observed deflections of the galvanometer needle 
were due to electricity collected from the atmosphere by the suspended telegraph wires 
that were employed in these observations. To determine this I availed myself’ of the 
assistance of Ashford. After taking observations in the usual way between London and 
Dover, and between Tonbridge and Dover, I desired the Ashford clerk to detach the 
wire from his instrument and leave the end insulated. I thus had a wire of 67 miles 
connected with the earth at London, or one of 26 miles connected with the earth at 
. Tonbridge, the end in either case being insulated at Ashford. It was desirable to make 
a considerable number of observations, at various hours of the day and under all 
conditions of weather, in order to test this question rigidly. The results are given in 
Table XVIII. 
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Table XVIII. — Observations showing, by detaching one end of the Telegraph wire 
from the earth, that currents collected at Tonbridge, 1861, October, November, and 
December, from the London-Dover and Tonbridge-Dover lines, were true and proper 
Earth-currents. 


Date. 

Time. 

Column 1. 

• 

Column 2. 

Column 3. 

Date. 

Time. 

Column 1. 

Column 2. 

Column 3. 


• 

* 

Dover-London u. 

London-Dover «... d. 

sW 

&>j£ 

'S 

&& 
g 4 

eS# 

11 

Columns 1 and 2 with 
wire off earth at Ashford. 


• * 

j i 

3$ 

as 

aW 

ft 

j! 

II 

Columns 1 and 2 with 
wire off earth at Ashford. 

1861. 

h m 

o 

O 

6 

1861. 

h m 

0 


o 

Oct. 18. 

11.37 a.m. 

24 u 

34 m 

0 

Nov. 27. 

11.47 A.M. 

lOd 

15 d 

0 


1.36 p.m. 

20 m 

40 m 

0 


2.18 p.m. 

17 d 

28 d 

0 


2.44 p.m. 

22 u 

34 m 

0 


2.38 p.m. 

18 d 

26 d 

0 


3.39 p-m. 

15 u 

16 M 

0 

Nov. 28. 

6.15 A.M. 

0 

0 

Q 

Oct. SI. 

10*10 A.M. 

28 d 

32 d 

0 

Nov. 29. 

m 6.20 a.m. 

0 

5d 

0 

Oct. 24. 

11.47 a.m. 

13 d 

38 d 

0 

Nov. 30. 

6.21 A.M. 

5 d 

10 d 

• 


2.44 p.m. 

55 u 

50 m 

0 

Dec. 2. 

1 1.49 A.M. 

23 u 

34 m 

0 


4.23 p.m. 

7« 

0 

0 


2.24 p.m. 

15 u 

22 u 

0 

Oct. 28. 

11.18 A.M. 

l6rf 

12 d 

0 

Dec. 3. 

6.24 a.m. 

15d 

1*8 d 

0 


10.30 P.M. 

5d 

5d 

0 

Dec. 4. 

6.15 A.M. 

5 d 

0 

0 


11.0 P.M. 

20 d 

20 d 

0 


1 2.9 P.M. 

20 u 

13 m 

0 


11.30 p.m. 

5« 

5 M 

0 


1.24 p,m. 

34 u 

40 m 

0 


12.0 p.m. 

18 d 

20 d 

0 


2.40 p.m. 

20 u 

16m 

0 

Oct. 29. 

0.30 a.m. 

18 d 

20 d 

0 

Dec. 5. 

6.20 a.m. 

0 

0 

0 


1.0 A.M. 

lOd 

12 d 

0 


12.34 p.m. 

17 u 

40 m 

0 


1.30 A.M. 

18 d 

20 d 

0 

Dec. 6. 

6.20 a.m. 

0 

0 

0 


2.0 A.M. 

18d 

13 d 

0 

Dec. 7* 

6.20 a.m. 

16 u 

25 m 

0 


2.30 A.M. 

18 d 

20 d 

0 

Dec. 9. 

7-12 A.M. 

15 u 

20 u 

0 


3.0 A.M. 

15 d 

15d 

0 

Dec. 13. 

6.40 a.m. 

lOtl 

10 M 

0 


3.30 a.m. 

15d 

20 d 

0 

Dec. 14. 

6.30 a.m. 

5 d 

15 d 

0 


4.0 A.M. 

12d 

19 d 

0 

Dec. 17- 

6.17 A.m. 

lOd 

lOd 

0 


4.30 a.m. 

9 d 

11 d 

0 

Dec. 1 8. 

6.18 A.M. 

15 d 

10 d 

0 


5.0 A.M. 

8 d 

14 d 

0 

Dec. 19. 

6.20 a.m. 

0 

0 

0 


5.30 a.m. 

0 

0 

0 

Dec. 20. 

6.20 A.M. 

0 

5 m 

0 


6.0 A.M. 

0 

0 

0 

Dec. 21. 

6.18 A.M. 

0 

10 m 

0 


6.30 a.m. 

0 

0 

0 

Dec. 26. 

6.2 5 a.m. 

20t« 

25 m 

0 

Nov. 21. 

11.46 A.M. 

10 d 

20 d 

0 

Dec. 27. 

6.30 a.m. 

10m 

15 m 

0 

Nov. 25. 

1.31 P.M. 

0 

0 

0 

Dec. 28. 

6.17 A.m. 

0 

0 

0 


3.23 p.m. 

l6u 

14 m 

0 

Dec. 31. 

6.19 A.m. 

25 d 

30 d 

0 

Nov. 26. 

3.24 p.m. 

5 m 

10 m 

0 







It will be seen that in no singlb instance was any deflection of the needle obtained 
when the wire was off at Ashford ; so that we are right in regarding all the currents 
with which we have been dealing, as far as atmospheric electricity is concerned, as true 
and proper earth-currents. 

Columns 1 and 2 are the deflections obtained on the London-Dover and Tonbridge- 
Dover lines in the usual way. Column 3 are the 0° resulting from repeating each of 
the two previous observations with the Ashford wire detached. 

I have also made repeated observations on the effect of polarizing the earth-plates by 

iidocclzii. 2 F 
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the passage of a powerful current ; and all with the same negative result. An observa- 
tion is made, say on the Tonbridge-London line, and the deflection noted. A powerful 
current from the ordinary telegraph battery (a current which it would be imprudent- to 
receive on the observing galvanometer) is transmitted for a given time, say half a minute, 
through the Tonbridge-London circuit, in the direction which would have produced 
the deflection previously observed. After this the observation is repeated. No appre- 
ciable difference has in any instance been found in the deflection. The direction remains 
the same ; and the value unaltered. So that the currents, as far as the polarizing of the 
plates is concerned, may be regarded as true and proper earth-currents. 

The alterations in direction of the currents and the varying values in either direction 
indicate that they are in nowise due to the mere electromotive force of the earth-plates 
employed. 

I have mentioned in my former communication (pp. 94, 95) that the connexion with 
the earth is very frequently made by means of the fish-jointed rails. Some misgivings 
might arise on a first glance as to the influence of this arrangement over the results. 
The current collected under such circumstances, however, would be true in direction, but 
reduced in value. We need not enter into the discussion of this question from the fact 
that no such earth-connexion has been required for our present purposes. 

To prevent misapprehension, I have thought it better to give a list of the earth-con- 
nexion employed at all the stations concerned in this investigation. 

London Gas-pipes ; and a lightning conductor terminating in a wet 

pit of coke. 

Tonbridge Gas- and water-pipes. 

Hastings Gas- and water-pipes. 

Ramsgate Harbour .* . . Water-p^pes* 

Dover Gas-pipes. 

I still continue taking observations ; but they are all of the same character as those 
now placed on record, and merely afford further illustrations of the points that have 
been discussed. It would be premature to say that the subject is tolerably exhausted, 
as far as the means at my command are concerned ; but I do not at this moment see 
any salient point that is within my reach. The steady daily and hourly march of these 
phenomena, and their relation, if any, to the like march of magnetometers, will soon be 
within the reach of Mr. Airy ; and we may be well* assured that these and the other 
collateral questions will be ably discussed by him. 

The results arrived at in these two communications may be briefly summed up ms 
follows : — 

1st. That currents of electricity are at all times moving in definite directions in the 
earth. 

2nd. That their direction is not determined by local causes. 

3rd. That there is no apparent difference, except in degree, between the currents 
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collected in times of great magnetic disturbance, and those collected during the ordi- 
nary calm periods. 

4th. That the prevailing directions of earth-currents^ or the currents of most frequent 
occurrence, are approximately N.E. and S.W. respectively. 

5th. That there is no marked difference in frequency, duration, or value, between the 
N.E. and the S.W. currents. 

6th. That (at least during calm periods) there arc definite currents of less frequency 
from some place in the S.E. and N.W. quadrants respectively. 

7th. That the direction of the current in one part of a plane on the earth’s surface 
(at least as far as the S.E. district of England is concerned) coincides with the direction 
in another part of the plane ; and if the direction changes in one part, it changes in all 
parts of the plane. 

8th. That the relation in value between currents in a given part of the plane and 
currents in another given part is not constant, but is influenced by local meteorological 
conditions, and varies from time to time. 

9th. That the value of the current of a given length, moving in a given line of direction, 
is not necessarily the same as that of a current of the same length on the same line of 
direction produced, and that their relative value depends on the physical character of 
the earth interposed between the respective points of observation, and is tolerably con- 
stant. 

10th. That the currents which have formed the bases of these investigations are 
derived currents from true and proper earth-currents, and neither in whole nor in any 
appreciable part have been collected from the atmosphere, nor are due either in whole 
or in any appreciable part to polarization imparted to earth-plates by the previous 
passage of earth-currents or of powerful telegraphic currents; nor are they due to any 
electromotive force in the earth-plates themselves. 

11th. That the earth-currents in question (at least the powerful currents present at 
all times of great magnetic disturbance) exercise a direct action upon magnetometers, 
just as artificial currents confined to a wire exercise a direct action upon a magnet. 
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XI. On the Spectrum of Carbon. By John Attfield, Esq., F.C.S . , Director of the 
Laboratory of the Pharmaceutical Society; lately Demonstrator of Chemistry at 
St. Bartholomew's Hospital. Communicated by Dr. Frankland, P.B.S. 

Received June 19, — Read June 19, 1862. 

It is well known that a mixture of coal-gas and air burns with a flame of slight lumino- 
sity. When such a flame is prismatically examined under favourable circumstances, as 
by the ordinary spectroscope, the light it emits is found to consist of four groups of rays 
of different refrangibility. These rays appear in the field of the instrument as faint 
yellow, light green, bright blue, and rich violet bands of light. 

In 1856 Swan* found that the spectrum thus obtained was common to all hydro- 
carbon flames. lie showed that they were best seen in an olefiant gas-flame fed with 
air by a blowpipe jet, measured and recorded their distances from each other, searched 
for, but did not find, corresponding dark bands in the solar spectrum, and gave no 
theory in explanation of their origin. 

On recently reading Swan’s paper by the light that Professors Bunsen and Kikchhoff 
have thrown on the subject, I came to the conclusion that these bands must be due to 
incandescent carbon vapour ; that, if so, they must be absent from flames in which carbon 
is absent, and present in flames in which carbon is present ; that they must be observable 
equally in the flames of the oxide, sulphide, and nitride a%in that of the hydride of carbon ; 
and, finally, that they must be present whether the incandescence be produced by the 
chemical force, as in burning jets of the gases in the open air, or by the electric force, as 
when hermetically sealed tubes of the gases are exposed to the discharge from a powerful 
induction coil. 

Experiment has fully confirmed* the truth of this theory, and the following are the 
details of the investigation : — 

To obtain intimate acquaintance with the spectrum in question Swan’s experiments 
were repeated. On feeding the flames with undiluted oxygen, instead of with air, still 
brighter spectra than he describes were obtained. The heat thus produced, however, 
volatilized potassium, sodium, lead, &c. from glass jets, and zinc and copper from brass 
jets ; and this result ensued whether the oxygen was directed into the centre of, or made* 
to surround the hydrocarbon flame. Finally, a mixture of olefiant gas and oxygen, or 
of coal-gas, saturated with benzole, and oxygen, was burned at an ordinary platinum 
oxyhydrogen safety-jet. In this way a cylindrical flame, half an inch in length tmd one- 
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tenth of an inch in diameter, was obtained, and gave, on examination by the spectro- 
scope, a brilliant well-defined spectrum. • 

The spectruA thus produced corresponds in appearance with the description of that 
observed by Swan, excepting in the number of fine lines in each band of light. The 
yellow-green band, composed, according to the drawing accompanying Swan’s paper, of 
four lines, I find to contain six ; the green band to have five instead of two ; the blue 
five, that is one more than Swan noticed ; and the violet, beside being distinctly double, 
to have a faint hair-line between its two halves. Indeed, in this as in other spectra, the 
reduction of bands into groups of lines seems simply dependent on the refractive power 
of the spectroscope, an increased number of prisms causing greater dispersion of the 
spectrum, and, consequently, a division in a line or band that otherwise would appear to 
be single. 

Having thus reproduced a satisfactory spectrum of the flame of a hydrocarbon, I next 
turned my attention to that of a nitrocarbon. Rejecting prussic acid vapour, on account 
of its containing hydrogen, I chose cyanogen. Cyaliide of mercury was heated in a 
retort, and the cyanogen thus produced cooled and dried by passing over fragments of 
fused chloride of calcium contained in the neck of the retort. Ignited and examined 
by the spectroscope, this cyanogen flame gave a splendid series of bands, and these 
became still more distinct and brilliant on feeding the flame with oxygen by the plati- 
num safety-tube already mentioned. Familiarity with the spectrum of hydrocarbon 
flames enabled me to detect it in this nitrocarbon light, other lines present being after- 
wards proved to be due to incandescent nitrogen. 

But to establish the absolute identity of the hydro- and nitro-carbon spectra, excluding 
of course the lines due to nitrogen, they were simultaneously brought into the field of 
the spectroscope, one occupy ingjdie upper, the other the lower half of 1 the field. This 
was readily effected after fixing the small prism, usually supplied with spectroscopes, over 
half of the narrow slit at the further end of the object-tube of the instrument. The light 
from the oxy-hydrocarbon flame was now directed up the axis of the tube by reflexion 
from the little prism, while that from the oxy-nftrocarbon flame passed directly through 
the uncovered half of the slit A glance through the eye-tube was sufficient to show 
that the characteristic lines of* the hydrocarbon spectrum were perfectly continued in 
the nitrocarbon spectrum. A similar arrangement of apparatus, in which the hydro- 
carbon light was replaced by that of pure nitrogen, showed that the remaining lines of 
the nitrocarbon spectrum were identical with those of the nitrogen spectrum. In this 
last experiment the source of the pure nitrogen light was the electric discharge through 
the rarefied gas. 

The above experiments certainly seemed to go far towards proving the spectrum in 
question to be that of the element carbon. Nevertheless, the ignition of the gases 
having been effected in air, it was conceivable that hydrogen, nitrogen, or oxygen had 
influenced the phenomena. To eliminate this possible source of error, the experiments 
were repeated out of contact with air. A thin glass tube, 1 inch in diameter and 
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8 inches long, with platinum wires fused into its sides, and its ends prolonged by glass 
quills having a capillary bore, was filled with pure dry cyanogen, and the greater por- 
tion of this gas then removed by a good air-pump. Another tube was similarly prepared 
with olefiant gas. The platinum wires in these tubes were then so connected with each 
other that the electric discharge from a powerful induction coil could pass through both 
at the same time. On now observing the spectra of these two lights, in the simul- 
taneous manner previously described, the characteristic lines of the hydrocarbon spec- 
trum were found to be rigidly continued in that of the nitrocarbon. Moreover, by the 
same method of simultaneous observation, the spectrum of each of these electric flames, 
as they may be termed, was compared with the corresponding chemical flames, that is, 
with the spectra of the oxyhydro- and oxynitro-carbon jets of gas burning in air. The 
characteristic lines were present in every case. Lastly, by similar interobservation, a 
few other lines in the electric spectrum of the hydrocarbon were proved to be due to 
the presence of hydrogen, and several others in the electric spectrum of the nitrocarbon 
to be caused by the presence of nitrogen. 

The electric discharge through cyanogen rapidly causes decomposition. The charac- 
teristic spectrum soon disappears, a black deposit is formed on the sides of the tube, 
and the spectrum of nitrogen alone remains. Plefiant gas is similarly affected, but not 
to the same extent. The glass tube is much blackened, but the spectrum is constant. 
Berthelot has, in fact, already shown that olefiant gas is decomposed by the electric 
current, acetylene being at the same time produced. Indeed, as acetylene may, accord- 
ing to Berthelot, be formed from its elements under the influence of the electric dis- 
charge, it is inconceivable that a hydrocarbon gas could be perfectly decomposed in 
such a tube as I have described. 

The spectrum under investigation having then been obtained in one case when only 
carbon and hydrogen were present, and in another when all elements but carbon and 
nitrogen were absent, furnishes, to my mind, sufficient evidence that the spectrum is 
that of carbon. 

But an interesting confirmation of the conclusion just stated is found in the fact, that 
the same spectrum is obtained when no other elements but carbon and oxygen are 
present, and also when carbon and sulphur are the only elements under examination. 
And first with regard to carbon and oxygen. Carbonic oxide burned in air gives a 
flame possessing a ccftitinuous spectrum. A mixture of carbonic oxide and oxygen 
burned from a platinum-tipped safety-jet also gives a more or less continuous spectrum, 
but the light of the spectrum has a tendency to group itself in ill-defined ridges. Car- 
bonic oxide, however, ignited by the electric discharge in a semivacuous tube, gives a 
bright sharp spectrum. This spectrum was proved, by the simultaneous method of 
observation, to be that of carbon plus the spectrum of oxygen. With regard to carbon 
and sulphur almost the same remarks may be made. Bisulphide-of-carbon vapour bums 
in air with a bluish flame. Its spectrum is continuous. Mixed with oxygen and burned 
at the safety-jet, its flame still gives a continuous spectrum, though more distinctly 
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furrowed than in the case of carbonic oxide ; but when ignited by the electric current, 
its spectrum is well defined, and is that of carbon plus that of sulphur. That is to say, 
it is the spectrum of carbon plus the spectrum that is obtained from vapour of sulphur 
when ignited by the electric discharge in an otherwise vacuous tube. 

Having thus demonstrated that dissimilar compounds containing carbon emit, when 
sufficiently ignited, similar rays of light, I come to the conclusion that those rays are 
characteristic of ignited carbon vapour, and that the phenomenon they give rise to on 
being refracted by a prism is the spectrum of carbon. 

The spectrum of carbon is a very beautiful one. The lines composing each band of 
light regularly diminish in brightness in the direction of greatest refraction, and appear 
to retreat from the observer like pillars of a portico seen in perspective. It differs 
greatly from that of every other element that I am acquainted with; and though, in 
each of the experiments described, it was of course accompanied by the spectrum of 
either nitrogen, hydrogen, sulphur, or oxygen, its diagnosis was not thereby interfered 
with ; it is, in fact, most widely different from, and cannot possibly be confounded with, 
either of them. 

The brightest band of the carbon spectrum being blue, and its other constituents 
being on the one hand light green and on the other violet, the associated rays of ignited 
carbon vapour, as indeed seen by the naked eye in carbon flames, I conceive to be of a 
light-blue colour. The tint may be observed in the flame of a spirit-lamp, in a burning 
jet of carbonic oxide, in the blowpipe flame of any hydrocarbon, and at the base of a 
common candle flame. I have no hesitation in saying that should a source of heat be 
found of sufficient intensity to volatilize the diamond and ignite its vapour, blue will be 
the colour of the light emitted. 

The subject of the emission of carbon light by carbon vapour naturally leads to the 
consideration of the absorption of carbon light by carbon vapour. This latter research 
I am compelled to defer for a time. 

The investigation also suggests the important question, Is the spectrum of a compound 
simply the sum of the spectra of its constituents 1 I have made several experiments 
tending to confirm such a law, but must perform many more before coming to a decided 
conclusion. Some observations made by Professor PlUcker in the course of an exami- 
nation of the effects df the electric discharge on rarefied gases * seem to indicate that a 
compound has a spectrum different from that of the superposed^ spectra of its consti- 
tuents. 

Finally, I beg to offer my best thanks to Dr. Frankland for allowing me the use of 
his laboratory and apparatus in making this research, and to J. P. Gassiot, Esq., and 
Captain G. W. Puget (34th Regt.) for the loan of induction coils. 

* Poggendobff’s * Annalen,’ Bd. cv. S. 77, and Bd. evii. S. 688. 
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XII. On the Theory of Probabilities . 

By Geobqe Boole, F.B.S., Professor of Mathematics in Queen's College , Cork. 

Beceived June 10, — Bead June 19, 1862. 

This paper has for its object the investigation of the general analytical conditions of a 
Method for the solution of Questions iff the Theory of Probabilities, which was proposed 
by me in a work entitled “An Investigation of the Laws of Thought” (London, Walton 
and Maberly, 1854). 

The application of this method to particular problems has been illustrated in the 
work referred to, and yet more fully in a ‘ Memoir on the Combination of Testimonies 
and of Judgments ’ published in the Transactions of the Royal Society of Edinburgh 
(vol. xxi. Part 4). Some observations, too, on the general character of the solutions to 
which the method leads, founded upon induction from particular cases, were contained 
in the original treatise, and the outlines, still in some measure conjectural, of their 
general theory were given in an Appendix to the Memoir. But the complete develop- 
ment of that theory was attended with analytical difficulties which I have only lately 
succeeded in overcoming. It involves discussions relating to the properties of a certain 
functional determinant, and to the possible solutions of a system of algebraic equations 
of peculiar form — discussions which will, I trust, be thought to possess a value, as con- 
tributions to Mathematical Analysis, independent of their present application. 

As concerns the nature of the problems to which the method is applicable, it may be 
stated that they are such that the numerical elements, both given and sought, are the 
probabilities of events or states of things the definitions of which, and the connexions of 
which, are capable of expression by logical propositions. There is ground for believing 
that all questions whatever involving probability are ultimately reducible to this general 
form. This point, however, I do not purpose to discuss here. It has been already in 
some degree considered in the Memoir referred to. 

In order to explain more fully the necessity for the present investigation, it will be 
requisite to state the. fundamental principles upon which the method in question rests. 
There are only two of them which can possibly afford matter for discussion. 

1st. The expression in language of the data of a problem in the Theory of Probabi- 
lities is to a certain extent arbitrary, because it depends upon the extent of meaning of 
the primary simple terms employed to express the events the conceptions of which it 
involves. But the choice of simple terms is, if we consider it with respect to our abso- 
lute power of choice, arbitrary. Any complex combination of events can be contem- 
plated as a single whole in thought, and expressed by a single term. The invention of 
new simple terms to express what was before expressed by a combination of terms is a 
normal phenomenon in the growth of language. 

mdccclxii. 2 H 
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Now the first principle upon which the method rests is the following - 
Principle I. — The different forms which a problem may be made to assume by 
different elections with respect to the simple terms of its expression are mutually 
equivalent. 

For instance, if the following data were given, 

The probability of rain is 

The probability of rain with snow is q, 

the form which the problem would assume in a language in which there was no word 
for snow, but in which the combination of snow with rain was called sleet, would be 

The probability of rain isj>, 

The probability of sleet is q, 

with the added condition, expressed as *a logical proposition, that sleet always implies 
rain. And this as a statement of the data would, it is affirmed, be equivalent to the 
former statement. If these were the data of an actual problem, the event of which the 
probability is sought would require similar translation. 

I desire to guard here against a possible misapprehension. I have said that the 
choice of simple terms, if considered with respect to our power of choice, is arbitrary. 
I do not mean by this to affirm that the actual growth of language is arbitrary. We 
know that it is far otherwise. Unity df sensuous impression in the early stages of its 
growth, unity of thought in the latter, seems to govern the invention and introduction of 
simple terms. It has indeed been said that there is a Ao-yoc in the constitution of things 
of which language in its varied forms is the human reflexion, but never without* the 
inseparable human element of choice and voluntary power. 

It is then affirmed that whatever the grounds of fitness or propriety (and the existence 
of such grounds is fully conceded) may be, which have governed the actual choice of the 
simple terms of language, those grounds have nothing whatever to do with the calcula- 
tion of probability. This depends upon the information contained in the data, informa- 
tion supposed to be derived from actual experience, or at least to be of such a nature 
that experience might have furnished it. 

The different forms in which a problem is capable of being expressed, though differing 
in consequence of the different arbitrary elections which are possible with respect to 
its simple terms, are not independent of each other. They are connected together by 
the Laws of Thought, and pass one into the other by the processes of the Calculus of 
Logic, which is an organized expression of those Laws. 

Among these forms there is one which presents exclusive advantages. It is that in 
which those events, however originally expressed, the probabilities of which constitute the 
data, are assumed as the simple events of the problem, and expressed by logical symbols 
corresponding to the simple terms of ordinary language ; the event of which the proba- 
bility is sought being also expressed logically by means of the same symbols. The 
Calculus of Logic enables us to do this, determining at the same time in an explicit 
form, i. e. in a form capable of expression in ordinary language by definite logical pro- 
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positions, the connexion which exists among all the events in question — a connexion 
which in the original form of the data was only implied. 

This leads us to the statement of the second Principle of the Method. 

Principle II. — When the data have been translated into probabilities of events con- 
nected by conditions logical in form and explicitly known, the problem may be con- 
structed from a scheme of corresponding ideal events which are free, and of which the 
probabilities are such that when they (the ideal events) are restricted by the same con- 
ditions as the events in the data, their calculated probabilities will become the same as 
the given probabilities of the events in the data. 

To take a material illustration : the problem, in the form to which it is reduced by the 
Calculus of Logic in accordance with Principle I., might be represented by the supposi- 
tion of an urn containing balls distinguished by certain properties, e. g. by colour, as 
white or not white, by form, as round or not round, by material, as ivory or not ivory, 
and by the supposition that, while these properties enter into every conceivable combi- 
nation, all the balls in which certain combinations are found are attached by strings 
to the sides of the urn, so that only the balls in which the remaining combinations 
are realized can be drawn. Suppose, further, that the probabilities of drawing under 
the actual conditions a white ball, a round ball, an ivory ball, &c. are given, and the 
probability of drawing a free ball fully defined with respect to the above elements of 
distinction is required. The principle affirmed is that we must proceed as if the balls 
were all free, and with probabilities such that the calculated probability of drawing any 
one of the balls which under the previous supposition are free, would be the same as 
under that supposition it is given to be. 

Confining ourselves to the above material case, I remark, that the supposed mode of 
solution represents, 1st, a possible order of things; 2ndly, an order of things in which no 
preference is given to any one combination over any other which falls under the same 
category, or mode of thought. All the procedure of the theory of probabilities is 
founded upon the mental construction of the problem from some hypothesis, either, 1st, 
of events known to be independent ; or, 2ndly, of events of the connexion of which we 
are totally ignorant ; so that, upon the ground of this ignorance, we can again construct 
a scheme of alternatives all equally probable, and distinguished merely as favouring or 
not favouring the event of which the probability is sought. In doing this we are not at 
liberty to proceed arbitrarily. We are subject, first, to the formal Laws of Thought, 
which determine the possible conceivable combinations; secondly, to that principle, 
more easily conceived than explained, which has been differently expressed as the “ prin- 
ciple of sufficient reason,” the “principle of the equal distribution of knowledge or 
ignorance*,” and the “principle of order.” Wc do not know that the distribution of 

* Knowledge and ignorance being in the theory of probabilities supplementary to each other, the equal 
distribution of the one implies that of the other. 

I take this opportunity of explaining a passage in the ‘ Laws of Thought,’ p. 370, relating to certain 
applications of the principle. Valid objection lies not against the principle itself, but against its applica- 

2 H 2 
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properties in the actual urn is the same as it is conceived to be in the ideal urn of free 
balls, but the hypothesis that it is so, involves an equal distribution of our actual 
knowledge, and enables us to construct the problem from ultimate hypotheses which 
reduce it to a calculation of combinations. 

I pass from the particular and material to the general problem. In the form to which 
this is brought by the Calculus of Logic, the probabilities are those of events of which 
certain combinations are, as a logical consequence of the original definitions of those 
events, impossible. It might, at first sight, appear that this establishes a fundamental 
difference between this problem and that of the urn, in which certain combinations are 
prevented from issuing by a material hindrance. In the one case the restriction appears 
as logically necessary, in the other as only actual. 

Upon this I remark, that the data of the problem in its ultimate reduced form might 
result from the same kind of dependence as in the actual data ; that they, in fact, would 
thus result if the mind of the observer were capable of contemplating, and were in a 
position to contemplate, each of the events in this ultimate translated form simply as a 
whole, and of recording, through an approximately infinite series of observations, what 
combinations of those wholes come into being, and what do not, in the actual universe. 
What appears as necessary in the translated data would now appear as actual — as a 
result of observation ; what is impossible would be received as non-existent. The ques- 
tion is, then, whether the difference between the conception of what is impossible from 
involving a logical contradiction, and the conception of what in the actual constitution 
of things never exists, is of a kind to affect expectation. I do not hesitate to say that it 
is not. We are concerned with events in so far as they are capable of happening or not 
happening, of combining or not combining ; but wc are not concerned with the reasons 
in virtue of which they happen or do not happen, combine or do not combine. If we 
went beyond this, we should enter upon a metaphysical question to which I presume 
that no answer can, upon rational grounds, be given, viz. upon the question whether, 
when two things or events are in the actual constitution of things incapable of happen- 
ing together, it would, if our knowledge were sufficiently extended, be found that the 
resulting conceptions of them were logically inconsistent. 

I have but one further observation on Principle II. to make. It is that in the general 
problem we are not called upon to interpret the ideal events. The whole procedure is, 
like every other procedure of abstract thought, formal. We do not say that the ideal 
events exist, but that the events in the translated form of the actual problem are to be 
considered to have such relations with respect to happening or not happening as a 
certain system of ideal events would have if conceived first as free, and then subjected, 
without their freedom being otherwise affected, to relations formally agreeing with those 
to which the events in the translated problem are subject^ 

tion through arbitrary hypotheses, coupled with the assumption that any result thus obtained is necessarily 
the true one. The application of the principle employed in the text, and founded upon the general theorem 
of development in Logic, I hold to be not arbitrary. 
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We are now able to explain more clearly the nature of the analytical investigation 
which will follow. Let p„ p % ,... p n represent the probabilities given in the data. As 
these will in general not be the probabilities of unconnected events, they will be subject 
to other conditions than that of being positive proper fractions, viz. to other conditions 
beside 

Pi > o, p 2 >0 ... p n >0 | . 

Ptpl, p a <l . . . p n =l. I 1 *' 

Those other conditions will, as will hereafter be shown, be capable of expression by 
equations or inequations reducible to the general form 

axPi+a*P *- • • 

a. 2i ... a n , a being numerical constants which differ for the different conditions in 
question. These, together with the former, may be termed the conditions of possible 
experience. When satisfied they indicate that the data may have, when not satisfied 
they indicate that the data cannot have, resulted from actual observation. On the other 
hand, the ideal events are regarded as independent, and their probabilities, which enter 
as auxiliary quantities into the process of solution, are subject to no other condition 
than that of being positive proper fractions. It is the general object of the analytical 
investigation to establish the two following conclusions, viz., — 

1st. The probabilities of the ideal independent events, as involved in the method 
under consideration, will in the process be determinable, without ambiguity, as positive 
proper fractions whenever the data satisfy the conditions of possible experience, and not 
otherwise. 

And, as a consequence of the above, 

2ndly. The probability determined by the method will have such a value as it con- 
sistently might have had if, instead of being calculated from the data, it had been deter- 
mined by observation under the same experience as the data. 

These conclusions rest upon the ground of certain analytical theorems relating to 
functional determinants, and to the possible solutions of simultaneous algebraic equa- 
tions, which will be demonstrated in this paper. But, in order to explain the appli- 
cation of those theorems, it will be necessary to show, first, how the “conditions of 
possible experience ” in problems in the Theory of Probabilities may be determined ; 
secondly, what the analytical method in question for the solution of such problems is. 

Determination of the Conditions of possible Experience. 

The method for determining the conditions of possible experience given in the 4 Laws 
of Thought,’ chap, xix., may be advantageously replaced by the following one, which is 
taken from the 4 Memoir on the Combination of Testimonies and of Judgments,’ already 
referred to. 

Let the events in the data be resolved into the ultimate possible alternatives which 
they involve, and let the unknown probabilities of these alternatives be represented by 
X, ft, v, &c.; then, as the probability of each event in the data is equal to the sum of the 
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probabilities of the alternatives which it involves, we shall have a system of equations 
connecting X, (a, v, &c. with p x , p % , ... p ni the probabilities supposed -given. Again, 
X, (A, v . . as probabilities, are subject to the conditions 

X>0, ... &c., 

and, as alternatives mutually excluding each other, to the condition 

X+^+^H" • • • =1) 

or the condition ___ 

X-f^-f-yd- • • • -< 1) 

according as the alternatives in question together make up certainty or not. 

Thus we have a system consisting of equations and inequations from which X, (a, v, &c. 
must be eliminated. To effect this elimination we must determine as many of the quan- 
tities X, fi, v ... as possible from the equations, substitute their values in the inequations, 
and then eliminate the remainder of the quantities X, \a, v . . . by means of the theorem 
that if we have simultaneously 

X < X -<r~ ... X ^ 

X >• ip X > i 2 , . • • X > i„, 

then we have the system of conditions of which the type is 

Vi representing any one of the set a„ a a , . . . a m , and bj any one of the set i„ i 8 , . . . b n . 
Thus there are mn conditions in all. 

This method is illustrated in the following problem, in the expression and solution of 
which it is to be noticed, that when in the Calculus of X.ogic an event is represented 
by x, the event which consists in its not happening is denoted by 1 — x, or for brevity 
by x ; that when two events are represented by x and y, their concurrence is denoted 
by xy, the happening of the first without the second by xy, and so on. 

Problem. Given that the probability of the concurrence of the events x and y is of 
the events y and z, q, and of the events z and x, r. Required the conditions to which 
p, q, and r must be subject in order that the above data may be consistent with a pos- 
sible experience. 

Resolving the events xy, yz , xz into the possible alternations out of which they are 
formed, let us write 

Prob. xyz=X , Prob. xyz—p, Prob. xyz=v, Prob. xyz=g. 

Then we have the equations 

X+^=p, X+f= 2 , X+v=r, 

together with the inequations 

X >■ 0, ^*>0, v ;> 0, £>0, 

X+^+»-|-f<l. 

From the equations we find 

!P~p X, f=^-X, i/=r— X^ 
which, substituted in the inequations, give 

XiZO, p—\>0, q— «X>0, r— X>0, 

P+q+r- 2x^1; 
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and it only remains to eliminate X. Now from the above, 


h<q, X<r, X>0, X l , 

therefore ^ 

i?> 0, q> 0, r>0, 

..= P + g4-r-l ^p +g+r-1 ..= pH-g + r~l 

!P>- 2 ’ ?>■ 2 ’ r> ~ 2 


The last three conditions are reducible to the simpler form, 

p^q+r— 1, q>r+p— 1, r >p+q— 1. 


Such are the conditions of possible experience in the data. 

Suppose, for instance, it was affirmed as a result of medical statistics that, in two- 
fifths of a number of cases of disease of a certain character, two symptoms x and y were 
observed ; in two-thirds of the cases the symptoms y and z were observed ; and in four- 
fifths of the cases the symptoms z and x were observed ,* so that, the number of cases 
observed being large, we might on a future outbreak of the disease consider the fractions 
|, |, and $ as the probabilities of recurrence of the particular combinations of the 
symptoms x , ?/, and z observed. The above formula? would show that the evidence was 

contradictory. For, representing the respective fractions \>y p, q, and r, the condition 

* 

p>q-\-r—l is not satisfied. (Edinburgh Memoir.) 

In applying the above method to the a priori limitation of questions in the theory of 
probabilities, it will be necessary to represent the probability sought by a single letter 
u, and treat this as if it were one of the numerical data. The resolution of the event 
of which the probability is sought into alternatives belonging to the same scheme as 
those of the events in the data gives us a new equation, which must be combined with 
the equations involving p, q, r, &c. The elimination of X, (a, v, &c. then determines not 
only the conditions of possible experience limiting p, q, r, but also the conditions which 
u must satisfy a priori, whatever method for its actual determination may be employed. 

Thus, if from the foregoing data it were required to determine the a priori limits of 
Prob. xyz, i. e. of the probability of the conjunction of the events x, y, z, we should 
have as the additional equation 

«=X, 

and therefore, after elimination of X, (a, v, 

u<p, u<q, u<r. 


0 , 


—p + q + r— 




1 


the conditions required. 

It will, however, in most of the following investigations suffice to consider the con- 
ditions of possible experience in the data alone, because it will be shown that when 
these are satisfied the corresponding conditions for the probability sought, when its value 
is determined by the method of the following section, will also be satisfied. 
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Statement of the Method for the Solution of Questions in the Theory of Probabilities. 

For the general demonstration of this method the reader is referred to the ‘ Laws of 
Thought/ chap. xvii. For the purpose of the analytical investigation the statement of 
the method will suffice. 

Let s, t, v, Sec. represent the events of which the probabilities are given, p, q, r, &c. 
those probabilities, and w the event of which the probability is sought ; then, whatever 
the definitions of and 10 may be, and whatever connecting relations may exist, 

it is always possible by the Calculus of Logic to determine the logical dependence of w 
upon s, t, &c. in the following most general form, viz. 

w=A4-0B+(}C+qD. 

Here A, B, C, D are logical combinations of the events s, t, See., and the connexion in 
which these stand to the event w and to each other is the following : A expresses those 
combinations of s, t , See. which are entirely included in w, i. e. which cannot happen 
without our being permitted to say that w happens. B represents those combinations 
which may happen but are not included under w ; so that when they happen wc may 
say that iv does not happen. C represents those combinations the happening of which 
leaves us in doubt whether w happens or not. D those combinations the happening of 
which would involve logical contradiction. 

It follows from the above that the translated form of the problem is 

Given Prob. s—p, Prob. t—q, Prob. v—r. See., s, t, v... being regarded as events 
subject to the explicit logical condition 

A+B+C=l. 

Required the probability u of the event of which the logical expression is 

*>=A+5C; 


and it is shown (Laws of Thought, p. 265), upon grounds essentially the same as those 
expressed in Principles I. and II. of this paper, that the solution of the problem is 
involved in the following algebraic equations, viz. 


V._Vj A+cC 

P~~ 1 « 


(I.) 


in which the functions V, V„ V , . . . are formed in the following manner, viz., — 

1st. V is derived from A+B-fC without change of form by interpreting s, t, See. no 
longer as logical symbols, but as symbols of quantity. They represent the probabilities 
of the ideal events of Principle II. 

2ndly. V, is the sum of those terms in V which contain s as a factor, V, the sum of 
those which contain t as a factor, &c. 

The quantity c is an arbitrary constant, admitting of any value between 0 and 1. 

To effect the solution, the quantities s, t , &c. are to be eliminated from the system (I.), 
and u then determined as a function of p, q,r... and c. The arbitrary constant c may 
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not appear in the final result, because the developed form of w may not contain any terms 
affected with the symbol When such terms do appear, the constant c admits of an 

interpretation indicating what new data are required to make the solution definite*. 

It is proper here to observe that the conditions of possible experience can be deter- 
mined as well from the ‘ translated ’ as from the original form of the problem. That 
the results will agree is evident a priori, but it may be desirable to point out the 
analytical connexion of the two processes. I will take the example just considered, and 
then offer some general remarks on the subject. 

Representing the events xy , yz , zx by s, t, v, the translated data would be found to be 

Prob. s—p, Prob. t=q, Prob. v=r, 
s, t , and v being connected by the explicit logical condition 

stv-\-stv v=l. 

It is easily shown that the first member of this equation represents the sum of those 
combinations of the events s, t, v, with respect to happening or failing, which involve no 
logical contradiction. 

If, then, we represent under the above condition 

Prob. ntv—X', Prob. stv=y>', Prob. stv=v', Prob. stv= g', 
we shall have 

X'+p'—p, x'+v'=q, x'4 -e'=r, 

X'^0, y>'^0, v'^0, g'>0, 
k'+f*' +*'+*'< 1- 

This system of equations and inequations agrees with that employed in the previous 
solution, if we only make 

X'=X, yl — y, *'=§, g'=v, 

so that the elimination of X', yJ, J, g' will lead to the same results as before. 

In general it may be observed that each combination of s , t , v which is possible with- 
out logical contradiction, gives, on substituting for s, «... their expressions in t^ie simple 
terms of the original problem, either a single combination of those simple terms, or a 
sum of such combinations ; but the same combination of those simple terms will not arise 
from two different combinations of s, t... It is clear from this that the systems of 
united equations and inequations arising in the two forms of the problem will be related 
in the following manner, viz. — 

For each positive quantity X 1 in the one set, there will exist either a single positive 
quantity X, or a sum of such quantities X 1 -t-X a +&c. in the other; but each such sum is 
inseparable, and the elements it is composed of are distinct from those of any other sum 
arising from any other of the quantities X'... It is evident, then, that the final results of 
elimination will be the same. The same formal processes which eliminate single quan- 

* Laws of Thought, p. 267. * 

2 I 
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tities in the one case, will eliminate the corresponding single quantities, or sums of single 
quantities, in the other. * # 

Simplification of the General Equations for the Solution of Questions in the 

Theory of Probabilities. 

Let us express the system (I.) in the form 

y. y< &c 

A + cC 

U — y 

and let us suppose the quantities p, q... (and therefore s, t. . . ) to be n in number. Then 
all the terms in V will be composed of products of s, t... s, t.*, each term involving 
cither s or s, cither t or t, See., but not the combinations ss, tt. Sc c. Each term is there- 
fore homogeneous and of the nth degree. 

It follows, therefore, that if we divide the numerator and denominator of each of the 
first members of the above system by s i v . . . , and then make 

s t v C 

— “—S' 11 — ’ ^,5 — S 3 5 SCC. , 

S t v 

and if at the same time we, for symmetry, change^, q, r . . . into />,, p 2 , . .p n , the system 
will assume the following form, — 

v, v 2 v„ 

y — p\i y — pi ••• y — p»* 

A + cC 

U=— y— ’ 

in which V, A, C are formed from their former values by suppressing s, t, v, See., or, 
which is the same thing, changing each of them into unity, and then changing s, t , v... 
into i\, a' 3 , .r a ... , while V, consists of those terms of V which contain x t , V a of those 
which contain x. 2 , and so on. 

In its new form V is a rational and entire function of x. z , ...x„ not involving powers 
of those, quantities, and with all its coefficients equal to unity. Again, as s, t , &c. are 
from the theory of their origin required to be positive proper fractions, x x , x a , ... x n are, 
from the nature of their connexion with s, t..., required to be positive quantities. And 
it is sufficient that x u x. 2 , ... x n be determinable as positive quantities in order that s, t... 
may be determinable as positive fractions. 

Now we shall proceed to show that x t , x 2 , ... x n are determinable as positive quantities 
precisely when p } , . . .p n satisfy the conditions of possible experience. We shall further 

show, as a consequence of this, that the value of the probability sought, when determined 
by the General ltule, will, under the same conditions, lie within such limits as if it were 
itself given by the same experience. In the order of this proof, we shall first demon- 
strate the theorems of pure Analysis upon which the conclusions depend, then in a 
distinct section make the particular application. 
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Analytical Theorems relating to Functional Determinants and Systems 

of Algebraic Equations. 

A symmetrical determinant may be conveniently expressed in the form 

A, A, a . . . A, n 

Aji Aj . . . A 2n (I.) 

A b1 A„ a . . . A„ 

the conditions of symmetry being 

A ^ A ;f , A h — A { . 

It is desirable to employ fixed language in referring to this. We shall therefore call 
the quantities A„ A 2 ..*.A„ the ‘principal elements,’ and the diagonal series of terms 
which they form the ‘principal diagonal.’ The elements A & , when i and j differ, we 
shall call ‘ subordinate elements.’ The element A ; , together with all the subordinate 
elements which occur upon the same horizontal or vertical line of the determinant, we 
shall designate the ‘e-system of elements’ Lastly, in comparing two rows or two 
columns of elements together, those elements will be said to correspond which occupy 
the same numerical place in their respective rows or columns. 

The following Lemma will next be established. 

Lemma. — A symmetrical determinant expressed in the form (I.) will be unaltered in 
value, if from each subordinate element of its 2 -system we subtract the corresponding 
element of its ^-system multiplied by a quantity X, which is invariable for the same 
system, — and for the principal element A f substitute A< — 2xA,- ; +X i A J . 

It is known that a determinant vanishes if two of its lines or columns are iden- 
tical, and it is known as a consequence of this that if from a particular line or column 
of a determinant the corresponding elements of another line or column, multiplied each 
by the same constant, are subtracted, the determinant is unaltered in value. From the 2 th 
line of the above symmetrical determinant subtract, term by term, X times the j th line, 
and then from the 2th column of the resulting determinant subtract X times the y'th 
column. As respects any subordinate element, the result will obviously accord with the 
statement in the Lemma. But the element A* will be successively converted into 

A<— XA j4 

(A.-xA^-xfA.-xAJ. 

The last expression, since A#=Ag, is reducible to 

* 

A— 2xAy-j-X*A y . 

Upon this property the demonstration of the following general proposition will be 
founded. 

Proposition I. 

Let the symmetrical determinant (I.) possess the following properties, viz . : — 

2 i 2 
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1st. That all its elements are linear homogeneous rational 'functions of certain quanti- 
ties a , b, c, <Scc., unlimited in number. 

2ndly. That if the coefficients of any one of these quantities a in the elements of any 
particular line or column taken in order are a„ a 2 ,...a n , and in any other line or column 
j3 n /3 2 , ,../3 n , then these two series of quantities are respectively proportional. 

3rdly. That the principal terms A x , A,, . . . A n are positive , i. e. that the coefficients of all 
the quantities a , b, c, &c. which appear in these terms are positive. 

Then the developed determinant will be itself positive, and will consist of products of 
the quantities a , b, c, See. without powers, each product affected by a positive sign. 

First, it may be observed that any letter a of the set a, b, c K .. which appears in the 
subordinate term A^ will appear in both the principal terms A ( , A 
• For let rn be the coefficient of a in A^, and therefore also in ; let l be the coeffi- 
cient of a in Aj, and n its coefficient in A r Thus to the elements A<, A Jt in the i-column 
correspond A ^ A j in the ^'-column. Hence, by the definition of the determinant, 

l:m:: m : n, 

.*. m*=ln. 


which implies that neither l nor n vanishes, so that a appears in A t and Aj. 

Secondly, we shall show that the determinant can, without alteration of its final deve- 
loped value, be reduced to a form in which any letter a of the system a, b, c ... shall 
appear in only one system of elements, and therefore only in the principal term of that 
system, since every subordinate term is common to two systems. 

Let us suppose a to be contained in two at least of the systems of elements, and for 
convenience of expression, let these be the 1-system and the w-system. Let, then, 
«„ a 2 ,...a„be the successive coefficients of a in A„ A 2 „... A nI , and therefore, by definition 
of the determinant, Xa„ Xa 2 , ... Xa„, its coefficients in A*„ A„ 2 , ... A„. Any of the quanti- 
ties a ,, a 2 , . . . a„ may be 0. But by the Lemma above demonstrated the determinant may, 
without alteration of value, be reduced to the following form, viz. : — 


Aj , Ai 2 , ... A,„ XA, 
A 2 i, A a , . . . A in — XAjj, 


A nl — XA„ A b 2 — XA 12 ... A„ 2xA nl -fX A, 


(B.) 


Now in the determinant thus transformed the quantity a will no longer occur in the 
w-system. 

This is obvious with respect to the subordinate elements of that system. With respect 
to the principal element, we observe that the coefficient of a is 


in A„ equal to a„ 
in A„„ equal to Xa„ 


in A„, equal to X x Xa t or X*a„ 
whence the coefficient of a in A n — 2x nl -fX*A 1 is equal to 0. 
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Thus d has been eliminated from the w-system, and as the process has not affected any 
elements but those which belong to the w-system, it will not affect the relations under 
which a enters into the other systems. 

Consider then any other quantity b in the set a , l , c, then by hypothesis the coeffi- 
cients of b in any line or column of elements 


may be represented by 


A,-,, A <a , . . Aj,, or A„-, A a ^, . . A n j 


HnJ 


fulfill ftfin ,, ftfin1 


/3„ /3 2 , . . being an arbitrary set of quantities which are the same for all lines or columns, 
while fa differs for different lines or columns, and vanishes for those in which b does not 
enter. 

It is to be noted that as Ay=A Jit we have in general % 


ftfij ft fill 

while as the principal elements of the determinant (I.) are positive, we have always 
positive quantity. 

Now reverting to the derived determinant (B.), we see that its «th line or column of 
elements will be 

. A,!, A, - 2 , . . . A,- n — xAjj, 

and its jTth line or column 

Ay ), Ayj, • • • Ay„ XAyj, 


supposing i and / to be both less than n. 

In these lines or columns the successive coefficients of b will therefore be 


ft fin ft fin • • • ft fin ^ ft fin 
ft fill ft fin • • * ftfin ^-ftfin 

which stand to each other in the constant ratio ft ( : ftj. 

Now let j=n. The coefficients of b in the ?ith line or column of (B.) are obviously 

ftnfii~~^-ftifin ftnfi'i — "^ftfin ••• ft*fi»~ m “%^ftifi»~\ m ^ ftifiiy 

of which the last term may be reduced as follows, 

ft fin— 2*ftlPn+ Vftfil =ftnfin ~ ^ftlfin — ^ftnfil + ^ftlfil = (ft n — *ftl)(fin ~ \ 0 |) l 

so that the series of coefficients of b becomes 

(ftn—*ftl)pi, (ftn—*ftlfi» ... (ftn— \fti)(fi n — Aft), 

and they arc now seen to stand to those of b in the f-line and column in the constant 
ratio ft n — A^, : ft { . 

We have, lastly, to prove that the new principal element A w — 2AA m -f-X*A, is positive. 
Let N be the coefficient of any one of the quantities a, b, c ... in the above element, 
L its coefficient in the principal element A„ and M its coefficient in each of the sub- 
ordinate elements common to the two systems of which the above are the respective 
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principal elements, viz. in A,*— AA„ and A„<— AA„. 
proved, 

.-. M 3 =LN; 


Then, by what has already been 


but L is positive; therefore N is so, and the principal element in question consists 
wholly of positive terms. 

The above demonstration shows that the elimination of a from the w-system produces 
a new determinant equivalent to the original one, and in which the characters noted in 
the original one still remain. Should a occur in any other system or systems of elements 
of the new determinant beside the 1-system, it can, by repetitions of the same process, 
be eliminated thence. Ultimately, then, it will only remain in the 1 -system, and there- 
fore only in the principal term of that system. Again, as it enters that term in the first 
degree, it follows that the developed determinant will involve only the first power of a. 
Hence, as a may represent any of the quantities a, b , <?,..., it is seen that no powers, but 
only products of these quantities, will appear in the developed determinant. 

Let us represent the determinant, after the elimination of a from all the elements but 
A„ in the form 



A, 

ll|n ... 

B „ 

• 

B„ 

C 3 

0* 

1 

B„, 

cu . . . 

c„. i 


Then the portion of the deter- 


Now let ah x represent that term in A, which involves a. 
minant which involves a will be 


ah x 


C, 


J n 2 


. G, 

. a 


And here it is to be observed that ah x is positive, while the new determinant to which 
>it is attached as a coefficient possesses all the characters of the old one. This determi- 
nant we can therefore transform in the same way, so as to eliminate any other letter b 
from all but a single principal element, which we shall suppose to contain it in a term 
bh 3 . That portion of the original determinant which involves ab will therefore assume 
the form 


abh x h 3 


Ds • • • hj, 

t ♦ • • 

+ 

X)„3 . . . D # . 


Ultimately, then, as the result of such processes continued, the portion of the original 
determinant which involves any particular combination of n letters selected from 
a> by c . . . will consist of the product of a series of positive terms, each of which has 
appeared in some residual principal element. Every such combination being positive, 
it follows that the determinant itself consists solely of positive terms. 
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Pboposition II. 

If V be any rational entire function of then variables x 2 , ... x n , but involving no 
powers of those variables above the first , and if further , all the different terms of V have 
positive signs , then the determinant 


V 

V, 

y 2 ... 

V* 

V, 

V, 

V I2 ... 

V,„ 

V, 

v* 

V 

▼ 2 • • • 

V 2a 

• 

V n 

• • 

v Bt 

• a • 

v 

’ n-2 • • • 

V B 


in which V,- denotes the sum of the terms in V which contain x ( , and Y (j the sum of the 
terms in V which contain x { , Xj, will , when developed as a rational and entire function of 
x 2 , . . . x n , consist wholly of terms with positive coefficients. 

From the definition it is plain that in general 

V„=v* v«=v„ 

whence the above determinant is symmetrical. 

Again, all its elements are homogeneous linear functions of the terms in V. 

Again, if a, a„ a 2 , . . . a„ represent the successive coefficients of any one of the terms 
of V in any row or column of the determinant, and /3, /3,% /3 a . . . /3„ the successive corre- 
sponding coefficients of the same term in any other row or column of the determinant, 
the one series of coefficients shall be proportional to the other. 

Let us compare the first column and the e-column headed with the element V,. 
Selecting any term in V, suppose it to contain x ( , then in whatever element of the first 
column that term is found, it will be found in a corresponding element of the e-column, 
and in each case with unity for its coefficient, since all the elements are mere collections 
of terms from V. But when it is not found in a particular element of the first column, 
it will not be found in the corresponding clement of the e-column. The entire scries of 
coefficients in the one being then the same as that in the other, the common ratio of 
the corresponding terms is unity. 

Suppose, secondly, that the proposed term is found in V and not in V, ; then in all 
the elements of the e-column its coefficient is 0, so that the series of coefficients in the 
e-column might be formed from those in the first column by multiplying the latter 
successively by 0. This again represents a common ratio. 

The same reasoning may be applied to the comparison of any two columns of the 
determinant. Thus in comparing the e-column and the ^-column : — terms of V which 
contain both x { and x s - will be found in corresponding elements of both columns — terms 
which contain x ( but not Xj will be wholly absent from the ^-column. Thus in all cases if 
a, a„ a 2 , . . . a„ represent the coefficients of a term of V in one column, its coefficients in 
any other column, taken, in the same order, will be of the form Xa, Xa„ Xa 2 . . . Xa„, the 
coefficient X being either 1 or 0. 

Lastly, the principal elements consist, as do all the elements, of positive terms. 
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Therefore by the last proposition the developed determinant will consist of products 
(without ^powers higher than the first) of different terms of V, and the coefficients of all 
such products will be positive. 

Therefore the determinant will be expressible as a rational entire function of x„ x a , ...#« 
with positive coefficients. 

The rapidity with which the complexity of the determinant increases as the number 
of variables increases is remarkable. For example, if n— 2 and Y —axy-\-bx-\-cy-\-d, 
the determinant is 

axy-\-bx-\-cy-\-d axy-\-bx axy-\-cy 
axy-\-bx axy-\-bx axy 

axy-\-cy axy axy-\-cy ; 

* 

and its calculated value will be found to be 

obex' 1 y 1 + abdx*y + acdxy a + bcdxy , 

consisting of four positive terms. 

But if n= 3 and 

V = axy z -f- by z + cxz + dxy + ex -\-fy -\-gz-\-h, 

the developed determinant will consist of fifty-eight positive terms. Its calculated value 
will be found in the Memoir on Testimonies and Judgments. 

Proposition III. 

The functions V, V„ V a , . . . V„ being defined as above , if V be complete inform , i. e. if 

it consist of all the terms which according to definition it can contain , each with a positive 

coefficient , then the system of equations 

V,_ V,_ V,_ n . 

y — v — p* • • • v “ P* l A v 

will , when p„p 2 , . . .p„ are proper fractions, admit of one solution, and only one, in positive 
values of x„ x a , ... x n » 

We shall s^ow, first, that the above proposition is true when w=l, secondly, that on 
the hypothesis that it is true for n— 1 variables, it is true for n variables. Hence it will 
follow that it is true generally. 

Suppose n=l. Then V =ax 1 -\-b, whence the system (1.) reduces to the single equation 

axi . 

ax i + b 

bp , 

whence, since a and b are positive, and p is a positive fraction, x x is positive. 

Thus the proposition is true when n= 1. 

Now, let x,=0, and let x t , x 3 ...x n be determined to satisfy the last w— 1 equations 
of the system (1.). These n—\ equations will, when #,=0, form a system of the same 
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nature with respect to the n — 1 variables # a , x a . . . x n , as (1.) is with respect to the 
n variables #„ x„ ... x n . This will be at once seen by taking any particular example. 
Hence by hypothesis # 4 , x 3 ...x n will be determinable as positive quantities, and their 
values substituted in the first member of the first equation of (1.) will reduce it to the 
form 

Aar, 

Axj + B 

V 

A and B being finite and positive. Hence the function -y will become 0. 

Secondly, let any finite positive value be assigned to #,. The last n — 1 equations of 
the system (1.) will again form a system of the same nature as before, and will by hypo- 
thesis determine a set of finite positive values for # a , x 3 ,... x n . These values again substi- 
y 

tuted in y‘, will give to it again the form 

Ax, * 

Aiy+ir 

V 

A and B being finite and positive. Hence as x, is finite and positive, y 1 will be a 
positive fraction. 

Lastly, let#, be infinite. Still the last n— 1 equations of the system (1.) will assume 

y 

the same form as before. Determining thence # 3 , x 3 . . . #„, and substituting in y, we have 

V,_ Ax, 

V Ax, + B’ 

V 

in which A and B are finite and positive and x, is infinite. Hence y =1. It is seen 

then that as x, varies from 0 to infinity, # a , x 3 , . . . x„ being at the same time always by 
hypothesis determined to satisfy the last n — 1 equations of the system (1.), the function 
y 

y will vary from 0 through positive fractional values to unity. It is manifest, too, that 

it varies continuously. If then it vary by continuous increase , it will once, and only 
once in its change, become equal toy?,, and the whole system of equations thus be satis- 
fied together. I shall show that it does vary by continuous increase. 

If it vary continuously from 0 to 1 and not by continuous increase, it must in the 
course of its variation assume at least once a maximum or minimum value. Let us then 
seek the condition of possibility of 

y 

y = a maximum or minimum, 

the variables being subject to the relations 

y y y 

y^ =i ? 8j Y —Pi • • • Y —P»‘ 

Here, proceeding in the usual way by differentiation, we have 

wv.-v^v wv 2 -y s rfv Vdv n -v n dv A 

v* —■ v t V* " — . ■tjt = u, 
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dY * 

y — Yj — y 2 ••• — y„* 

Let the common value of these fractions be represented by —dt, then we have a system 
of w+1 equations of which the first is 

Ydt+dV=0, 

while the n others are of the type 

VAt+tVr 0. 

The complete system, therefore, on effecting the total differentiations, becomes 

'VM ^"diTn ^» = 

v,at+^ax,..+^dx.=o, 


y.dt+ i ~'dx l ..+ d ^a x .=o. 


Now from the nature of the function V we have 

dV_Yi dVi__Yi dVj Vy 
dxi xS dxi xf dxj Xj ’ 

so that the above equations become 

Wf+v, ^+V, — +v, ~= 0 , 

■*1 ^9 

V.<?«+V, +v,£'=o, 

V^+V,, #+v, #» .. +v,„ #=0, 


v.*+v.,^!+v«^.. +v.~-=0, 


and the elimination of f^i, ^ ^ from these equations gives the sought condition of 


*1 *4 


possibility of a maximum value of y l , consistently with the satisfaction of the last w— 1 
equations of the system (1.). 

This condition is therefore expressed by the equation 

v v, v 9 ..v« 

V,’ V, v w ..y m 

V. v.. V, ..Vs. - 0 ’ 


V V V V 

T • y *i * «a • • y i 
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But we Have already seen (Prop. II.) that the first member of this equation is essentially 

V 

positive for positive values of x x , x 3 . . x H . Hence the function y varies by Continuous 

increase, and on the hypothesis that the proposition to be proved is true for n— 1 
variables, it is true for n variables. 

Therefore, connecting this with the former result, the proposition is true universally. 

Proposition IV. 

IfV be an incomplete function, some of the terms belonging to the complete form being 
wanting , but the terms present having their coefficients positive, it will in general be neces- 
sary not only that the quantities p„ p 2 , ...p n should be positive fractions, but also that they 
should satisfy certain inequations of the form 

api+ap* • • • +a n p n + 

in order that the system 

Vj v 2 v n 

■y r ~P\1 “y ’ —-pi • • • y ~~Pn (! ) 

may admit of a solution in positive values of x x , x 2 ... x n . 

For let Ax r x„ ec t ... be any term in V, A being a constant which is positive in all 
the terms, but which may be different in the different terms. Suppose that in V, there* 
exist e terms like the above, and let the several ratios of these terms to V be denoted 
by X„ X 2 ... X e . Then the fth equation of the system (1.) will become 

Xj +X 2 . . . +X e =jp„ (2.) 

and the system (1.) will be converted into a system of n equations of this nature. We 
will suppose that there exist m distinct quantities of the nature of X,, Xj ... X e in the first 
members of this transformed system, and we will represent these by X„ X a .. . X*. Then, 
if these constitute all the ratios of the separate terms of V to V itself, we have a new 
equation, 

X,+X 2 ... +X m ;=l. (3.) 

If they do not constitute all those separate ratios, we have, on the contrary, an inequa- 
tion, 

Xi+>. a --* + X m <l (4-) 

Lastly, the condition that X„ X 2 ... X* are positive fractions, gives the inequations 

Xj>0, X s ^0...X ro >0 (6.) 

The conditions X,<1, &c. are already implied in (3.) or (4.). 

The X quantities are thus subject to a system of united equations and inequations , from 
which they must be eliminated by the method already explained. 

The result of such elimination will be a final system of inequations connecting 
p x , p„ ... p n . Equations connecting these quantities can only present themselves when 
the equations of the original system are not independent, or, which really falls under 

2x2 
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the same hypothesis, when one or more of the variables x x , x a . . . x n is wholly absent 
from that system. Thus if x x were a common factor of all the terms of V, it would 
divide out from the numerators and denominators of the system, which would thus be- 
come a system of n simultaneous equations connecting the n— X variables x a , x a ... x n . 
Considered with reference to these variables, therefore, the equations of the system would 
not be independent. 

All resulting inequations will be capable of expression under the one general form, 

ap x +a 2 p a ... +a H q> n +b> 0, 

the coefficients a„ a 2 , ... a n and b being positive, negative, or vanishing, numerical con- 
stants. For any inequation which presents itself in the form 

a'tfi+a'tpt . . . +a„p n +b ^ 1 

may be transformed into 

— “ dpi ... — Pn ' I 

Again, the general inequation 

a>Px +a a p a ... + a n p n + b z > 0 


determines an inferior limit of p x when a, is positive, and a superior limit ofp, when a x 
» is negative. 

For in the former case we have 

— /ff 2 i a b\ 

the second member of which is an inferior limit of p x ; and it will be observed that the 
calculated value of this member may be positive, as there is no general restriction on 
the signs of a 3 , ... a M b. 

In the latter case, changing «, into — and observing that a, is positive, we have 



the second member of which is a superior limit of p v 

Lastly, the final system of inequations is totally independent of the numerical value 
of the coefficients of V. The only restriction is that these coefficients are positive. 


Proposition V. 


Let V be incomplete inform; then, provided that the equations 




V 2 

V =p a 


v — P n 


( 1 ) 


are independent with respect to the quantities x x , x„ ... x n , and that the inequations of 
condition deducible by the last proposition are satisfied, the equations will admit of one 
solution, and only one , in positive finite values of x x , x„ ... x H . 

The proof of this proposition will, in its general character, resemble the proof of 
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Proposition III. It will be shown that when we assign to x any value between the 
limits 0 and infinity, the quantities x a , x a ... x n will admit of determination from the 


Y 

last w— 1 equations of the system as positive finite quantities, and the function ^ will 

receive a value falling within the limits assigned by Proposition IV. to the quantity p x ; 
that when x v is equal to 0 or infinity, # a , x a ... x n will admit of determination either 
as positive finite quantities, or as limits (0 and oo) of such quantities ; and that these 


values together will give to 


Yi 

V 


a value coinciding with the highest of the inferior, or 


lowest of the superior limits of p x , as determined by Proposition IV. ; that when x x 

y 

varies from 0 to oo, x ai x a . . . x n being determined fts above, y ? will vary by continuous 


increase from the highest of the inferior to the lowest of the superior limits of jp„ 
and once in its variation become equal to p x . Thus the truth of the proposition for 
n variables will flow necessarily from its assumed truth for w— 1 variables. And on this 
ground it will be shown that it may ultimately be reduced to a direct dependence upon 
Proposition III. 

In the system (1.) let x x receive any finite positive value, and let V by the substitu- 
tion of this value become U ; the last n — 1 equations of (1.) will thus assume the form 


u 2 u 3 u„ • 

U — P 2 ’ U “ - P 3 * * * U “P"» 


( 2 .)’ 


in which the quantities p 2 , p 3 . . .p n satisfy the conditions to which the direct application 
of Proposition IV. to this reduced system of equations would lead. 

For what is important to notice in the change from V to U is, that any two terms in 
V which differ only in that one contains x x and the other does not, reduce to a single 
term in U. The effect of the change upon the primary system of equations and inequa- 
tions formed in the application of Proposition IV. to the system (1.) is the following : — 

1st. The equation between A„ A a . . . derived from the first equation of (1.) will be 
annulled. 

2ndly. In the remaining equations connecting A„ A a . . . some pairs of those quantities 
may be replaced by single quantities, with corresponding changes in the inequations. 
Thus if A,+A a be replaced by ^t*, the inequations 

A,>0, A a >0 


will be replaced by what they before implied , viz. 

But these changes do not affect the truth of the relations, or introduce any new rela- 
tions. They cannot, therefore, lead to any new final conditions. The conditions con- 
necting p a , p a . . . p n , in accordance with Proposition IV. in the system (2.), must have 
been already involved in the equations connecting p lx p a ... p n in the system (1.). 

Hence by hypothesis the system (2.) gives one set of positive finite values of 



246 


PROFESSOR BOOLE ON THE THEORY OP PROBABILITIES. 


x„ x 3 , . . x n corresponding to the assumed positive finite value of x v And these values 

V V. 

together make y a positive proper fraction. We may notice that, representing y 

under the form 

A#, 

AiTj + B 

v 

it cannot be that either A or B is wanting so as to reduce y l to the value 0 or 1. For 

if A were wanting, V would not contain x t at all, as by hypothesis it does ; and if B 
were wanting, V would contain x t in every term. Thus x v would divide out from the 
system (1.), which would thus become a system of n equations between n — 1 variables, 
and would cease to be independent* as by hypothesis it is. 

But when #,=(), or x t = infinity, the form of V, considered as a function of x„, -r 3 . . . x„, 
will not generally be the same as in the case last considered; and the conditions con- 
necting j) a , jj 3 , will no longer be such that we can affirm the possibility of deducing 

from the last n— 1 equations of the system (1.), as transformed, positive finite values of 

^25 ^39 ••• 

The theory of this case depends upon a remarkable transformation. 

The most general form of the inequations of condition connecting p l3 ]>v • • • as 
determined by Proposition TV., is 

(3.) 

Hence, from the nature of the system (.1 .), it follows that the function 


. . . +«„V n +iV 


(4.) 


must consist wholly of positive terms. Therefore V must consist of terms which would 
either appear in the development of the above function with positive signs, or not appear 
in it at all. Let Ax r x,x t ... be any term of V. Then, as the coefficient of this term in 
(4.) would bo 

d r A.-\ m CL 8 A.-\-(itK. . . . 

and as A is positive, we have 

a r -\-a,-\-a t . ..+5>0, 

a general condition which determines not what terms have actually entered, but what 
could alone possibly have entered into the constitution of V. 

From the system (1.) we have 

^riV, + fl 2 V 2 .. . , , , z 

V —®lPl+®2jP2 • • • m \ m O'nPn’¥0. 

Hence if we write 

a l Y l +a i V a . . . +a n V n +bV= H, 

we have 

H 

V=«jP.+«2P2- • • * . . . . (5.) 

an equation by which we may replace any one of the equations of the system (1.), and 
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which has the peculiarity that for every term Ax r x,x t ... which appears in the numerator 
H the particular condition 

a r +a t -\-a t . . . -\-b>0 

is satisfied. 

Let K be the aggregate of those terms’ in V for which the remaining particular con- 
dition 


dV+flj+tf* ..+5=0 


is satisfied. Then V=H+K. If we now substitute (5.) in place of the first equation 
of the system (L) and then write H+K for V, Hj+K, for V„ &c., the system becomes 
converted into the following one, viz. 


H , _ , , z . H 2 +K 2 H 3 + K 3 IL+K’* 

H-f-K — ® l ih + ®»jpa ' * * ~^ a nPn~\ m b, — Pv> — Pi') - * • H-fK “"i*"* 


( 6 .) 


Now let us transform the above equations by assuming 

a «» 

x ti ~x l 'y 3 , x 3 —x 1 'y 3 . . . x n —x l 'y n . 

The general type of these equations is 

<H 

Xi—X , 'yn 

‘v 

and it includes the particular case of i— 1, provided that we suppose, as we shall do, 

y.=l. 

Then representing, as before, any term of V by Ax r x s x t . . ., we have 


f ar+a H +at... 

Ax r a\ x t ... —Ax t «. y T y t y t . . . 


Let this substitution be made in the different terms both of the numerators and deno- 
minators of the fractions which form the first members of the above system, and then 

b_ 

let each numerator and denominator be multiplied by x“'. The result will be the same 
as if for each term Ax r x, x t ... in numerator or denominator we substituted the term 


Or+ag+at, . , +6 

A#i °i y r y 9 Vi . • . 


In considering the effect of this transformation we will first suppose a, positive, and 
afterwards suppose it negative. 

Case 1 ; the coefficient a , positive. Here, since for all the terms in II and in 
H„ H, . . . H„ we have 


a~ 


> 0 , 


all such terms in the transformed equations will be affected with positive powers of 
And since for all terms in K, Kj, i . . K* we have 

Or "f* 0$ + Ot • . . +6 

- 


= 0 , 


all such terms in the transformed equations will be free from x x . 
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Now let 

This, as a, is positive, is to suppose that p x coincides with one of its own inferior limits. 
We must suppose this to be the highest of those limits, as otherwise some of the other 
limiting conditions would be violated. Now, since all the terms in H are affected with 
positive powers of while those in K do not contain the first equation of the system 
(6.) will be satisfied by a*,=0, provided that the remaining n — 1 equations give finite 
positive values for y % ...y n . But the vanishing of x x reduces these equations to the form 

K, Kg K„ /r _ x 

K K * K ”” P” (^*) 


It is therefore necessary to show that j).„ p 3 . . ,p n in this system are actually subject to 
the conditions to which the application of the method of Proposition IV. to the system 
itself would lead. 

The n quantities ,p n are by hypothesis subject to the conditions furnished by 
*the application of the method of Proposition IV. to the original system (1.). In 
applying this method each of the original equations yields an equation of the form 

^i4*^a • • • ; (8.) 

and to the equations thus formed are added the inequations 

Xj >• 0, X,>0j ... X m >0 , 


X„ X a . . . X TO having reference to the whole system of original equations. 
Now the satisfaction of the equation 


H 

II + K 


=0 


by the value ^,=0, involves the vanishing of all those quantities of the system X„ X 3 . . . X„, 
which are derived from terms in V that are also found in H. Hence the X quantities 
that do not vanish are those derived from terms in V which appear in K. 

Again, the condition 

aiPi+a*2h • • • +«„i>„+&=0 

shows that the system of equations of which (8.) is the type are not independent. They 
must, under the particular circumstances of the case, be such that the above equation 
shall be derivable from them. Hence one of these equations may be rejected. If we 
reject the first, viz. the one which contains and then reduce the others by making the 
X quantities which are not derived from K to vanish, the system typified by (8.) evidently 
reduces to the system which we should have to employ if we applied the method of 
Proposition IV. directly to the system of n— 1 equations (7.). Hence the quantities 
Pa* •••!>» satisfy the final conditions to which that application would lead, and therefore 
by hypothesis the equations (7.) admit of solution,, by a single system of finite positive 
values of y m y M . ..y n . 

Now in general 
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Hence since #,=0 and y { is finite and positive for all values of i from 2 to n, we see that 
x t will be 0 for all values of i for which a t is positive, finite and positive for all values of 
i for which a t is 0, and infinite for all values of i for which a { is negative. 

Case 2; the coefficient a { negative. Here the inequation of condition (3.) must be 
supposed to determine the lowest of the superior limits of p x , and therefore when p x 
coincides with that limit we have 

• • • +a n p n +b=ti. 

The transformations remaining formally the same as before, the following results will 
present themselves. 

The terms in H and in If a , H a . . . H„ will be affected with negative instead of positive 
powers of x x . Hence the same determination of y a , y 3 . . ,y n from the last n—1 equa- 
tions of (6.), which before followed from the assumption x x —0, will now follow from 
the assumption x x — co, which at the same time satisfies the first equation of (6.). 

The equation 

2 * 

&i=Xi*'y i 

shows, since a x is here negative and x x infinite, that x ( will be infinite for those values of 
i for which a t is negative, finite for those values of i for which a t is 0, nothing for those 
values of i for which a t is positive. 

In all these cases the values 0 and oo appear as limits of finite positive values. This 
results from the connexion of the second member of the first equation of the system (6.) 
with the condition (3.). 

Lastly, as the incompleteness of form of V only causes certain terms of the developed 
determinant of Proposition II. to vanish, but leaves the signs of the terms which remain 
positive, it follows that as x x varies from 0 to infinity, x 3 , x 3 ,... x % being always determined 

V 

by the last n — 1 equations of (1.), the function y vary by continuous increase be- 
tween the limits above investigated, viz. from the highest inferior to the lowest superior 
limit ofjv Once, therefore, in its progress it becomes equal to p x , and all the equations 
are satisfied together. 

The above reasoning establishes rigorously that if the proposition is true for n — 1 
variables, it is true for n variables. It remains then to consider the limiting case of 
»= 1 . 

Here, however, only the complete form of V, viz. leads to a definite value 

of x y and this, as has been seen, is finite and positive. If we give to V the particular form 

V 

ax, the equation y—p becomes 

ax a 

-=p, otp=l, 

which determines j p, but leaves x indefinite. If we employ the other particular form 
V=fl, we obtain no equation whatever, and here again x is indefinite. But as the 
MDCCCLXII. 2 L 
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reducing transformations are all definite, the above indefinite forms cannot present 
themselves in the last stage of the problem when the original equations are independent 
and admit of definite solution. 

The proposition is therefore established. 

Application. 

The general system of algebraic equations upon which the solution of questions in 
the theory of probabilities depends, is a particular case of that discussed in Propo- 
sition V. Its peculiarity is, that all the coefficients which appear in the function V are 
equal to unity. 

The conditions of possible experience, as determined by the method, agree with the 
conditions shown in Proposition IV. to be necessary, and in Proposition V. to be suffi- 
cient, in order that x x , x. 2 . . . x„ may be determinable as positive finite quantities. For 
in both cases the quantities A„ A a , &c. correspond to the different terms in V, and in 
both cases the equations among those quantities depend simply on the forms of the 
functions V„ Y a . . . V„, and therefore ultimately on the form of V, irrespectively of the 
values of the positive coefficients of V. In both cases the systems of inequations are 
the same. 

It follows, therefore, that precisely when the data represent a possible experience, the 
probabilities of the ideal events from which in the process of solution the problem is 
mentally constructed admit of determination as positive proper fractions. 

Again, as the process for determining the a priori limits of the probability sought 
rests ultimately upon the assumption that the ‘ratio of any term or partial aggregate of 
terms in V to Y itself is a positive fraction, and as this assumption is satisfied when 
a'„ ;r 2 . . . x n are positive quantities, it follows that the calculated value of the probability 
sought will always lie within the limits which it would have had if determined by 
observation from the same experience as the data. 

But though the test last mentioned is one which must necessarily be satisfied by a 
true method, it is of infinitely less theoretical importance than that from which it is 
derived, viz. the test which consists in the absolute connexion between possibility in 
the data and formal consistency in the method. 

As the conclusions of Propositions IY. and V. depend upon the form of the function V. 
and the fact that its coefficients are positive, it follows that if in the application of the 
method to questions of probability we substituted any other positive values for unity in 
the coefficients of V, leaving the rest of the process as before, we should still be able to 
determine x„... x n as positive quantities, or as limits of such, and the altered value of 
the probability sought would still be consistent with the experience from which the data 
are supposed to be derived. It would, however, properly speaking, be a value of inter- 
polation, not a probability. 

I will close with a few remarks upon the general nature of the method, and of the 
solutions to which it leads. 
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1st The probability determined is not precisely of the same nature as the probabili- 
ties given. 

For the data are supposed to be derived from experience ; and therefore, on the sup- 
position that the future will resemble the past, the events of which the probabilities 
are given will in the long run recur with a frequency proportioned to their proba- 
bility. 

But the probability determined is always an intellectual rather than a material pro- 
bability. We cannot affirm that in the long run an event will occur with a frequency 
proportional to its calculated probability ; but we can affirm that it is more likely to 
occur with this than with any other precise degree of frequency ; that if it do not occur 
with this degree of frequency, the data are in some measure one-sided. 

At the same time the limits of possible deviation are determined. 

2ndly. General solutions obtained by the method do sometimes, but not always, 
admit* of being verified by other methods. I believe that this is solely because it is 
not often possible to solve the problem by other methods without introducing hypo- 
theses which are of the nature of additional data, and, in effect, limit the problem. 
Every general solution, however, admits of a number of particular verifications by neces- 
sary consequence from the theorems established in this paper. 

3rdly. It has been seen that a calculated probability is not necessarily a definite 
numerical value. It may be of the form A-f-cC, in which c is an arbitrary positive 
fraction. Here it is implied that the probability admits of any value between A and 
A-f-C. If, further, A=0 and C=l, it is implied that the probability may have any 
value between 0 and 1, — is therefore quite indefinite. This would really arise if we 
applied the method to a case in which the event of which the probability is sought had 
absolutely no connexion with those of which the probabilities are given. 

Hence in the present theory the numerical expression for the probability of an event 
about which we are totally ignorant is not but cf. Hence, also, when all the proba- 
bilities given arc measured by it is not to be concluded (upon the ground of e nihilo 
nihil ) that the probability sought will also be 

4thly. While extending the real power of the theory of probabilities, the method 
tends in some cases to diminish the apparent value of its results. For all problems in 
which the data admit of logical expression can be solved by it ; but the resulting solu- 
tions, founded upon the bare data, may be of an indeterminate character, in place of 
the determinate results to which ordinary methods, aided by hypotheses not really 
involved in the data, lead. 

This is the case with the problem of the combination of different grounds of belief or 
opinion. The general solution is indefinite. In two limiting cases, however, it assumes 
a definite form ; one of these, which agrees with the formula generally accepted, repre- 
senting the extreme cumulative force of testimonies, the other the mean weight of 

# Professor Donkin has verified a general solution (Laws of Thought, p. 862). 
t See on this subject a paper by Bishop Tebbot, Edinburgh Transactions, vol. xxi. part 8. 
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judgments. Both these, however, occur as limiting cases, and they can only be applied 
with confidence under extreme circumstances, such as probably never occur in human 
affairs. ( Edinburgh Memoir , pp. 630-645.) 

5thly. I have, in effect, remarked that there is reason to suppose that all questions 
in the theory of probabilities can ultimately be reduced to questions in which the imme- 
diate subjects of probability are logical , i. e. involve no other essential relations than 
those of genus and species, whole and part. This is a question of theoretical rather 
t han of practical interest. For instance, whether the formula of the arithmetical mean, 
which is the basis of the theory of astronomical observations, is self-evident, or whether 
it rests upon an ultimate logical basis, or whether, as I am inclined to believe, it may 
lawfully be regarded in either of these distinct but not conflicting lights, the super- 
structure remains the same. 
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XIII. On the Calculus of Symbols . — Second Memoir. By W. H. L. Russell, Esq., A.B. 

Communicated by Arthur Cayley, Esq., F.B.S. 


Made up of two Memoirs : one received January 7, — Bead January 80, 1862 ; tho other 

received June 18, — Read June 19, 1862. 

This Memoir is a continuation of one on the Calculus of Symbols which I had t^e 
honour to lay before the Society in December 1860, and which has since been published 
in the Philosophical Transactions. I commence this paper with some extensions of 
the method given in the former memoir for resolving functions of non-commutative 
symbols Into binomial factors. I then explain a method, analogous to the process for « 
extracting the square root in ordinary algebra, for resolving such functions into equal 
factors. I next investigate a process for finding the highest common internal divisor 
of two functions of non-commutative symbols, or, in other words, of finding if two 
linear differential equations admit of a common solution. After this, I give a rule for 
multiplying linear factors of non-commutative symbols, analogous to the ordinary 
algebraical rule for linear algebraical factors. I then resume the consideration of the 
binomial theorem explained in the former memoir. Two new forms of this binomial 
theorem are here given; and the method by which these forms are proved identical 
will, I hope, be considered an interesting portion of symbolical algebra, and as exhibit- 
ing in a remarkable manner its peculiar nature. 

In the next place, I proceed to calculate the general values of the coefficients which 
occur in the form of the binomial theorem given in the first memoir ; I then obtain an 
expression for the symbolical coefficient of the general term of the multinomial theorem 
as previously explained ; and also a theorem for the multiplication of symbolical factors 
emanating from each other after a given law; lastly, I investigate a binomial theorem 
reciprocal to the binomial theorem already considered. 

In the former memoir I explained a process by which the symbolical function 

§ n <P n (*)+§ n ~'<Pn-M+§ n ~*‘Pn- >(*)+ • • • 
could be resolved in all possible cases into factors of the form 
(^i (n V+^ 0 <n V)(^ 1 (n " , V+-v| / 0 (n - 1 V) . . . 

I shall now give a method by which the same symbolical function may be resolved into 
factors of the form * 

. . . GNv(t)+^ 0 t). 

By pursuing methods similar to those employed in the preceding paper, we find the 
following equations as the condition that £ a ‘4's( T )4 _ 4'*( ir ) may be an internal factor of 
Mdccclxii. 2 M 
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the given symbolical function, 


<pM- 


*bM - , .v n 


^ 8 (*— 2) 

*oM 


4/j(7r— 2)4/ 3 (w— 4) 

'J'oW'o (’ r “ 2 ) 


ft— O- •••=<>• 


Again, the conditions that £ 9 '/' 2 (’r)+4'o( ,r ) may be an external factor of the same 
symbolical function will be given by the equations 


<?<>(*) 


'Jv r 


<PM~\ 


^(H > 0 ( y + 2 ) 
+ 2 ) 


fcM— 



Pl(*0 


^o(*+1) 

^ s (w + 2) 


0>( T H 


^o(* + lMo(*-+3) 

4/ 2 (7r+l)4/ 2 (ir-f 3) 


&(**)— 


= 0 . 


We may also find in like manner the conditions that £ s \|/ 8 (5r)-f-*|/ 0 (cr), f 4 \|/ 4 (or)+\J/ 0 (ir) 
may be internal or external factors of the given symbolical function : in every case the 
number of equations of condition will be equal to the degree of (g) in the given factor. 

By applying thb method of divisors, as explained in the former paper, we may ascer- 
tain the forms of \|/ a (?r), 4 / o( 7r ) in order that § 2 \}/ 2 (7r)-f- v|' 0 ( 7r ) may be an internal factor of 
the given symbolical function. In the present case, however, \| / a (w) must be a divisor 
both of <p„(rr) and <p„_,(7r), a divisor both of <p,(7r) and <p 0 (a-), — a consideration which 
will greatly simplify the process. We proceed, in like manner, should there be no internal 
factors of the form gSfvr+vJyr* g" 4 > 2 ( 7r )~h 4 / u( 7r )’ to ascertain if there are any of the form 
§ 3 \|/ s (x)d-^«(?r), &c. ; and continuing the investigation as before, we are able, in all 
possible cases, to resolve the given symbolical function 

into binomial factors. 

Hence, in any linear differential equation, 


if we put 


Y d r u ( ~ d r *m | y d r 2 u | y 

-‘A dx r ' ^ r — 1 A-> • •• — •**•» 


dx r 


1 dx r ~ 


d 

%— X ’ Ir — X dx 


we shall be able in all possible cases to reduce it to a series of equations : — 

§N'L n_ °(VK- 1 + 4 / o"~ 1) ( ,r ) w »- 1 = x * 

&c. =&c., 

gHV (*■)» +^0 (*0# =Wj, 

a series of binomial equations, each of which may be treated by the methods due to 
Professor Boole. I shall now explain a process analogous to that denominated * evolu- 
tion ’ in ordinary algebra. To resolve the symbolical function 

§ in <PU^) + §’ n ~ 1 <P i h.- 1(*0 + • • • + < Po(’ r ) 


into two equal factors. 
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For this purpose, let us assume 

§ 2 "<p 2n (’r) + q 7n ~'<P*>- • +<Po(*0 

= (?0n(*)+$ n ~ l 0n-M + § n - a 0n-a('r)+ •• • +^(«’))*- 
From this we find, equating the coefficients of g 2n , 

4.004.0 r + n ) = <Pin(7r), 

On(*’+n)0 n (ir+2n)=<p i „(7r+n) ; 


from whence 
or 


whence 


*-(*+ 2n )= f -$&r K{w) ' 

a ( \_^*»(*~”) ?*»( *— 3n ) fo»( *-— 5n),.. 
n ^ 71 "^ — f in (w — 2n) <p 2n (x — 4n) <p 2 „(x — 6n ) . . .’ 


Again, equating the coefficients of g 2 " -1 , we shall have 

K- i(w+ n)6 H v -f 0„(tt + n— 1 K_i(tt) = < p 2n _ ,(tt) . . . ; 


. . (A.) 


4,(71-), <p. 2n ~i( 7r ) arc known rational functions of (7 r), wherefore assume 

4,(7r)=a+^ ?r +^ !! + • • • 

^n-i(^) = a+P5r4-y7r s 4- ... +*7r r , 

where «, c, ... cc, ft, y, ... arc known, and 

4— A 4~ Ihr 4 ” Ctt* 4" • • • 4- KyT r— *, 

where A, B, C are known. They may be easily found by equating the coefficients of 
(x) in equation (A.) and 0„_,(7r) thus determined. 

If we equate the coefficients of f 2 " -2 , we shall have 


0n-a(*+n)0n*’+0n-M0 n (‘r+n— 2)4-4,-i*'4,-,(*4-w— l)=p»,_ a (r). 


from which 6 n ^(x) may be determined in like manner. By this method we may in all 
possible cases reduce a proposed differential equation, 


X„£“+X„_, ~~Jr . . . +X,£+X.u=X, 


da? r ~ 


'dx 


to the form 


{h,£+E,. 1 JP i +...+3 „}«=X, 


when S r , S,_„ &c. are rational functions of (#)., 

The methods for finding the highest common divisor in ordinary algebra apply equally 
to the present Calculus, as will be seen by the following examples : — • 

To find the highest common internal divisor of the symbolical functions f*4~f — *■* 
and f*4-f(T*4-T4-l)— x 8 . 


2 m 2 
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Take f’+f’^x 3 f<^r a divisor, and proceed as follows: — 

— x a )f a +f(x a +x4-l) — X s 

(_ +g —T 2 

f(x a + x) — x 3 +x a 

It is easily seen that the remainder may be written x(x— l)(g>— x). 

Hence, taking g>— x as divisor, 

f—^g’+g -- **(§+* 

^(x+l)— x a 
g(x +l)~x a 

Hence g — x is the highest common divisor of g> a +g> — sr 2 and g 2 +g(3' 2 +^ r +l) — x 3 . 

Again, to find the highest common internal divisor of f a x(x-f-l)+f(x 3 +x , )-{-^r 3 (i | r--l) 
and g> 3 x — 2 fV+f(x a +^)+^ 4 . 

The first of these quantities is equivalent to (x— l)(f 3 x+g(x a +x)+x 2 ). 

We take fV+f(x a +x)-|-x a for divisor, and proceed as follows: — 

f 2 x+f(x a 4-x)+x a )f 3 x— 2fV+f(x a +x)+x 4 (^— (x+1) 

g 3 x+g 2 (x a -f x)+gx a 

— ^ a ( x a + 3 x )+ f ^*+^ 4 
— f 2 (x a +3x) — g{x 3 4-3x 9 -h2x) — x a (x+l) 
< ? (x 3 +3x 2 +3x)+x 4 +x 3 +x 2 

'Hie remainder is equivalent to (x 3 -|-z'+l)(f' :r +x 2 )* 

Hence, taking gx+x 2 for a new divisor, 

g^+^)g 2 < r +g(^ 2 + ,r )+’ r2 (f+ 1 

gV+gx 2 

gx-f-x 2 


Hence gx+x a is the highest common internal divisor of 

g a x(x+l)+g(x 3 +x a )+^ 2 (^’ — 1) 

and 

g 3 x — 2g a x-l-g(x a +x)-f’^ 4 * 

It is evident, as was mentioned in the introduction to this memoir, that this process: 
is equivalent to finding the conditions that two linear differential equations may have a 
common solution. 

I shall next proceed to find the general term of the continued product 
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This product, when developed, will be of the form 

$*Pn(*)+ 1 (**)+ •• • + § m <Pm(*)+ • • • + t<Pl*+Vo(*)- 

* Then <p m (r) is given by the following rule : — 

Write down the following symbolical product : 

^(r+m^r+m^T+m) t^+m) »* 

♦ 

take every possible combination of the quantities 1, 2, 3 ,...n taken (n — m) at a time, and 
substitute them as the weight * of $ in this continued product, diminishing (in) in each 
factor by the increment of the weight of the factor ; add all the results together, and we 
obtain the value of The truth of this rule will be manifest to every one who will 

consider the following result obtained by actual multiplication : — 

(§ + )(? + 

+ + Q„(t + 3) ■ + 0 3 (t+ 2) -f 0 4 (r • + 1) + 6,(t) } 

+ f 3 {5 1 (T+B)^+3)+d l (T+3)^+2)+fi a (^+2)6 3 (T+2)+d I ( 5 r+3X 4 (T+l) 

-hO s (ir-t‘2)$ 4 (T-j-l)-l-Q 3 (7r-{-l)O i (r-l-l)-l-O l (r-j-3)Q s r-l-Q !l (vr-l-2)9 s (r)-l-O 3 (r-l-l)$ 5 r-l-Q 4 tf0 i T} 

+§ a {5 1 (^+2)^+2X3(T+2)+5 1 (r+2)5 2 (T+2)5 4 (T+l)+^^+2X 3 (T+l)^+l) 

+l)+5 1 (ir+2)5 2 (r4-2)fl 5 ^'-|-^ 1 ( 7r +2X( 7r +lX ,r 
4" -f- 1 )^a( 7r “l~l)^4 7r +^i(*'+ 2)^^+ ^a( 7r 4* 1 )^4 7r ^s 7r 4* 7r0 4 7T0 s ir } 

+ ^i(x+ 1 )^(?r 4- l)^7r^?r 4- + OzirQzirOjr&srr } 

4* 6 x 'ird^r6^rO A Ttr6 !> 'rr. 

I now come to the investigation of the two new forms of the binomial theorem as 
explained in the former memoir. 

It is evident, in the first place, that in multiplying any binomial (£ a 4*£0( T ))* by 
f a 4 m £^( v )i the result in this case will be the same whether we employ internal or 
external multiplication. 

Let 

(?+ZK*)) n =§* n +f n ~ ] Vln-M + f n ~ i <P*n-a*+ • * •» 

where <p a „_i(w), <p an _ a (7r), <p in ~ 3 (ir) are unknown functions of (it) which we seek to deter- 
mine. 

Then multiplying externally and internally by (f a 4‘f^(’ r )) 

(s i +sK T )T +1 =S in+a +§ in+l ^n-i(^) +? n <Pm 7 *(*0 

4*f Jn+ ‘X 7r 4‘2w) 4" + 2n — 1 )<p a *_ , (tt) 4“ • ♦ • 

=r +i +f 2B+, ^n- 1 (’ r 4-2)4-rt»-a(’r 4-2)4* ... 

+? >n+1 6(‘7r) 4- f a "^s»-i(’*'+l)+ • • • 

* The use I have here made of the terra ‘weight’ will be familiar to every one who is conversant with the 
modem Higher Algebra. 



258 


MR W. H. L. BUSSELL ON THE CALCULUS OF SYMBOLS* 


From whence, by jquating the coefficients of (§), 

^-.(’'■)+^+2w)=<p 2n _,(7T+2)+^7r), 

(« 2 S — 1 )p 2n _ ,(*r) = {i n *« — lV(V), 4 


whence 


Again, 


^»- S W+^+2«— l)^-iW=^*-a(’ r 4-2)+^-,(ir+l)^r, 


r rf_ 

Pa»-aM=- r — I* i~ ^)l{s (2n - 1) ^^} ■ 

) S rfir — ] [g’dir— 1 


if 

g a <£- 1 


, d d 

fg^+^S-gS 
5 

g a rfir — 1 




•&r. 


We shall now investigate another form o* 1 this expansion, by which we shall be able 
to obtain a remarkable expression for the general term. We shall express the unknown 
functions by a notation slightly differing from that which we have just employed. The 
reason for so doing will be easily seen by the reader. 

Let 

(?+gfo) n =z* n +§* n ~% n) *+e' n ~ 2 v*X , r)+ • • • 


Then 


+§ in+ 'd(r)+g* n 0(r)<p["\r+l)+ . . . 

==?S » +2+? a. + .^ + ,) (^) + ^ ( p(« + , )( T )_|_ ; 

<P\ n + °w = < p[ n) (*+ 2)- + 6(r), 


or 


<p ( ? + l) (r) — g a s<p ( 1 n V= 0(r). 

Wherefore, solving this equation in finite differences, we have 

s*-'^ 2r a "i^T). 
<p?+'>r==(p™(r+2)+<p{ n) (r+l)fo i 


Again, 

whence 


Hence 


d £ 

<p 2 * +I) r — g a ifir ^ n V= fat** <p{ n) ir. 


and similarly, 


r)= {g a(n “ ,) 5S 2g“*"*?} (^(Tr)g^) {g a(n ” 1) *2g - ***r}^(7r) 

= g~*{g (2B_,) £ 2g _a,, ^}^(7r){g' an_1) S 2g _9,, &}^(x) 

=s-^{g (an - 1) * 2r a, W(x) } ; . 

#. B) 7T =s«“s{| < * ,, “ ,) *2«” ,, Wd(w)} , 


where, however, a proper correction must be added after each performance of the symbol 2. 
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As there are some peculiarities connected with this form, I shall calculate its Value at 
length for the values r—1 and r=2. 

First, let r=l. Then d 4 

<p[ n) (ir) = s a(n -°* lr Sn ^(7r) 


Let n—\. Then 


Consequently 


=««■-»£ n, — 6 P~- 

• S <t— -1 

d 

<p[ l) ir = (hr, and II, = . 

t'dn-l 


<p[ n) (7r): 


d 

9 rfir — 1 


g *dir — 1 


0(t), 


which coincides with the value of the coefficient of f n ~' obtained by the former process. 
Again. da da 

£>£ ,) (7r) = 6 a( ’* -1) rfir 6{Tr)i {in ~ l) dn 2g~ 2 "^ 0(tt) 


d_ e * n T«-\ 


=g 2e~* n d"0(7r)e<iTr — d 


t’dn — J 


d g ‘ fi dir — 1 


:g 2(n 2 ^(tt — 2 n)e~<i*. — ^ - 0(V — 2 n) 


» — 1 


d / rf , . \ d m H dir — I / d \ 

==g 2( ”- 1} *r ^\Z~* n dnO( 7 T)ltdn ^ Ofr)} 


idn—l 


d \. 

y.l L- 




2 


• £ 

— g a( ’ , ~ 1 ^ ]£g -2n <£ 0( v )'—j - — - 0(%’) 


=g s( "- , ^n 9 +s 8C " _1) i 


( —P* - K*)) ( T~ *w) 

V a *-i 7 V»-i 7 


■g a(w - ,) ^ 


C dw — 1 ^ f 2 d n — 1 7 


n a - (-«w_) <«•)) 

Vs-i 7 Vs-i 7 

■-/ - (d(*)-r^—0(r))> 

« a s— l' * a s— i 7 


where IT, is a function of (t) to be determined. 
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For this purpose put »sl, then ^ n) (cr)= 0, and 

n .= (-M-) (4^) - ~ - (<-) *•)) = 

VS-l'VS-l' e 3 S-l V e a S-l / 

f |.> W = ("=.> *.)) (C - *w) far) #«) . 

' e a ^» — 1 ' ' g 2 * — 1 ' ?Tn — 1 ' f a rfir— 1 ' 

We next proceed to show the identity of this value of the coefficient of g In ~ a with that 
formerly obtained. 

The truth of the following theorem is easily seen : — 

( g * s — i )/,( t )/ 3 ( t ) = ( g 4— i )/,( t )( s 4 - i )/ 2 ( t ) +/»(*■)(«’* — 1 )/( t ) +/ 1 ( T )( g a s — i )/;( t ). 
Hence 


(g a ^— l)9"T=={(g a(n-,) ^---l)^(<r)g (2 ' ,_,) <r^(?r)} + {(g a(: " _l ></1r— l)^(x)} 




dir 

, < 7r ) 


tdir— 1 


+ 


But 


{(g<*» — (« 2( ” %))’ 

' * n dir — 1 


(g**- 1 ^— l)/W.- •‘^_^ x )\ = (g 2 (» 2 / ^( 7r )) —6T— d —6(ir); 

V f 2 ^-l 7 1 / 


(g a £- l)^»V= ^( 7 r))(g (2n - 1) X ^tt)) + J r~' — ~^( 7r ) N ) 

\ g* </ 7 T — X ' 


— 0( 7r)& ( ‘ 2n 1 $7T — 6(tt) . 




cilT 


d 

fPdrr 1 


07T + ^(tt) . — ^ 0 7T 


d 

•*S-l 


or 


2 »y~ * 

g dir — ] 


07T 


e 2 </ir — 1 


{g<*- | )stf(x)} — 


.<*•+«>/ «L 

g dir—~gdir 


B dir — 1 


4*0 


4*0> 


<p/ B V=- 




a vJT 
t*T «- 1 


•{g (a ” 

* a &— l 




d 

•*S- 1 


4*0 


l^TT, 


which agrees with the value of the symbolical coefficient of as before obtained. 

It is proper to add that the same method of investigation applies to all binomials of 
the form (^+£*4*0)* of which I have, for the sake of simplicity, selected the case 

(? a +ffcr) n - 

I now come to the calculation of the coefficients of the general term of the form of 
the binomial theorem as given in the first memoir. 
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Let us assume 

))"= f* +a<v- , +a<v*- s +&c. 

+(AiV"- , +AW f a "- 8 +A^V"" # +&c.>r*+&c. 

+ ( A'Y* - 1 + A< Y" -3 + A^ r) f s "' 3 + &c - K+ &c - 

Then we have, writing 0 m (v) for 

A£ o) =20(2w) 

A<°>=20(2w-l)20(2w) 

A< #) =20(2»i-2)20(2tt-l)202w 

&c.=&c. 

A« , >=20(2w-s+l)20(2n-s+2) .. .. 202n 
A[!>=25,(2n) 

A<» = 20(2 w - l)20,(2w) + 20,(2ra- 1 )20(2») 

A' ,) =20 i (2n-2)2d (2»-l)20 (2n) 

+20 (2w— 2)20,(2n--l)25 (2w) 

+20 (2n — 2)20 (2ra — l)20,(2ra).. 

&c.=&c. 

A< , >=20,(2ra-s+l)20 (2rc— 5+2) . . . %6{2n) 

+20(2rc— 5+1)20, (2n-5+2) . . . 20(2 n ) 

+ • • • 

+20(2n— 5+1)20 (2w— 5+2) . . . 20,(2w) 

Af ) =20 2 (2w) 

AW=20 s (2w-1)202w+20 1 (2w-1)20 1 (2w) 

+20 (2w— l)20 a (2n) 

A< 2 >=20 3 (2w— 5+1)20 (2n— 5+2) . . . 20(2n) 

+20 (2n— 5+l)20 a (2n— 5+2) . . . 20(2 ») 

+ . . . 

+20 (2«— 5+1)20 (2n— 5+2) . . . 20,(2n) 

+20|(2n— 5+1)20, (2n— 5+2) ... 20 (2 n) 

+ 20, (2»— 5+1)20 (2n— 5+2) . . . 20,(2 to) 

+ ••• 

Where there are ( 5 ) terms in the first part of this expression, and a • in the second : 

AW=20 Bl (2n-5+l)20^(2n-5+2)20 y ,(2»-5+3) . . . 20„(2») 
+20 at (2w-5+l)20 A (2n-5+2)20 y ,(2n-5+3) . . . 20„(2n) 

+20 % (2n-5+l)20 A (2»-5+2)20 y ,(2n-5+3) . . . 20„(2n) 

+ . . . 

2k 


MDCCCLXII. 
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where «„ /3„ y„ . . . *, a„ /3„, y„ . . . &c. are all the whole numbers which satisfy the 

equation 

«+)3+y+ • • • +»'=/*• 

$(m) T 

In the preceding investigation we have used 6 m {%) as an abbreviation for \~m > 

where is the with function derived from 0(t). In the following investigation, it is 
proper to remark that 0,(jr), 0 a (?r), 0 a (x) ... are any rational and entire functions of (jt) 
whatever. 

To find an expression for the general term of the multinomial theorem, by which 

(f -+r . r 

is expanded in powers of (g). 

Let us assume 

(e a +r'°>n+r'U*)+ • • • ) w =r+r" , ^ B) w+r‘*^ n, w+r‘ : wo+ • • • 

Then multiplying internally by the factor 

t+r l *M + r%)+rv+ • . 

and equating coefficients of like powers of (g>), we have the following series of equations : — 
^l B+,, ( 7r ) “ < P| B) ( ?r + *) = *! (*)» 

Pa" +1) ( ,r ) — <P a B) ( 7r + «) = 0i(’ r )$’°( ,r +« — + 

^3 B+,) (^)~ = + 2 )+4»0 r )> 

and thus we proceed: hence we have, putting the symbol g (n+1) *^ 2s~ (B+1)a <<>r=n, 

r)=g”“S 

q>w<r=z6~ a 7* IW,(t)s "£• n^ 1 (w)+s - “^ Ity^sr) 

9 

^ b v= 8~“* n^,T+6 _ *5i n^,(‘T)g“5i ii^ 2 (t)6 _2 s ii^t+s - *^ n^ 3 

^ B) (T)=6 _a j>r n^(T)g _ 5i n^ i (cr)g _ 5i n^(T)g - rfi n^,(T) 

-f-g~“^ n^,(T)g _ 5; n^g - * n^CTjg -3 ^ n^r-f-g - “s; n^ 2 (^)s _ ^ n^wi - * iw,t 

“l“g — *«tir IItf,(T)g _ 5i n^ 3 (T)-j-g-**: n^ 3 (T)g- 3 S IW^wJ + r-S II0 u re ~*dw n^ a T-f-8~“3i 

We easily see that the general term may be expressed thus : construct the formula 

s - **r rw 4 (a-> _ *s n^(T)g-^ . . . 

and give to a, (3, y, . . . v all the values which satisfy the equation 

where an — r is the index of (g). Then the sum of all the terms so formed will be the 
required result. 

To determine the product of the factors 

(e+X»M)(tf-X»-iM) - *(f +%(«■}) • 
whence &(»•), fo( T )i ‘&( 7r ) emanate from each other after a given law. 
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Let 

(§+Xn(*)) • • • (g+X*) • • • f+Xn(^)=? S " +l + rt , ‘ ) ^ + f 

Then multiplying internally and externally by f+JCn+iW* 




ftl *'+ • * • 


Hence 
whence 
and also 


^*+s_|_ f8 «+Yi B+1) 5r4-f an+ '<f> ( f + *V+ &C. 

=^ +8 + g' n+ H?n* + V + XnU* + 2n + V+X*+M) 

+f an+ ‘ { ? l 2 n) (’r+ 1) +? ,( " ) (5T+ 1)%»+ l(5T +2w-4- 1) 

+fi"tt + iW+x»+i(’ r + 2w + i^+iW)* 

<P > ( * + X) ir — <P^\7T -f 1 ) = Xn + , (r + 2 n + 2 ) + Xn+ 
*>»(*■)=«■£ 2(s <B+l 4+ 6 - (B+I ^ n+1 ( ? r), 

+ ‘ V) -- + 1 ) = + 1 )%«+ 1(^ + 2»+ 1 ) 

+ Pl°(*')X«+ »(*■) +Xn+ i(?r + 2w+ !)%»+ ,(*■) i 


$*(*) = ?+ r26“ (n+1) 3 ;i r{g (2n+1) ^% B + 1 (7 r )}{g n rf> r 2(e f " +,) S — g-(“ +, ^)«*'^ | , + 1 (*')} 


+e n ^2s {,,+,, £ £,+,(*■)«•£ 2(« (B+,) ^— g-( n+i w) &, + 1 (tt) 

+g”^ 2s- (n+i; dir %. rt+1 (7r){g (2M+1, «S % n+l (V)}; 

and in like manner we find the values of the succeeding symbolical coefficients. 

I now come to the form of the binomial theorem which is reciprocal to that pre- 
viously investigated. 

To expand )•■&•)” in powers of (ir). 

Let us assume 


(^ + ^).T)" = T aB + ^ n _ 1 ( f ).T 2B - 1 + ^_ a ( f ).^"- 3 +..., 

we know that 

^ & (g)=Kg) • ^+r{g 6{g , ) . 1 + r . r -^ (g 6g ^~ 2 + . . . 

Hence, multiplying internally and externally by we shall have 


+{^K+2»(4)^- , + 2 »- 2 T- I (f4)Vf>“- a +---}w 

=^ +8 + • ^+2 ^ ^ P*,-l(f) • **+ (f ft Sn-.Cf)}^" 1 

+ {&»-*(£) ‘ ^ + 2 (f^) &»- S (f ) ‘ T + (^) Pa-ate)}***" 2 

2 n 2 
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+ Ke) (&»-»(?) • »+ (efy ?*■-*(?)) &c. 

Hence equating coefficients of the powers of (§), 

Vtn-i(g) + % n {gj^j 6 (§)' +^2«-l(f) • ^(f) = 2 (gjfj ^s»-j(?)+ 

whence 

Pa.-sfe) + 2w . — ^(f) + (2w — l)?>, n _i(f) ^(f)+Pa»-a(f)4? 

= (f^) ^-i(f) + 2 (f jj) &»-*(?) J . - ) (f &»- ) + Kg)V*»-Ag) + <p2n-s(f ), 

whence 

ftUf)=«(»-i)(f %)*(()+— ; 

••• (^+%).»r)-=ir“+n^.*“- + {«(»-l)(4)^)+” i T I1 (^))’} 5r ”' , + • • •• 


the required expansion. 
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One of the first efforts towards the formation of the Calculus of Functions is due to 
Laplace, whose solution of the functional equation of the first order, by means of two 
equations in finite differences, is well known. Functional equations were afterwards 
treated systematically by Mr. Babbage ; his memoirs were published in the Transactions 
of this Society, and there is some account of them in Professor Boole’s Treatise on the 
Calculus of Finite Differences. A very important functional equation was solved by 
Poisson in his Memoirs on Electricity ; which suggested to me the investigations I have 
now the honour to lay before the Society. 

I have commenced by discussing the linear functional equation of the first order with 
constant coefficients, when the subjects of the unknown functions arc rational functions of 
the independent variable, and have shown how the solution of such equations may in a 
variety of cases be effected by series, and by definite integrals. I have then considered 
functional equations with constant coefficients of the higher orders, and have proved that 
they may be solved by methods similar to those used for equations of the first order. I 
have next proceeded with the solution of functional equations with variable coefficients. 

In connexion with functional equations, I have considered equations involving definite 
integrals, and containing an unknown function under the integral sign; the methods 
employed for their resolution depend chiefly upon the solution of functional equations, 
as effected in this paper. The Calculus of Functions has now for a long time engaged 
the attention of analysts ; and I hope that the following investigations will be found to 
have extended its power and resources. 

jfiet the functional equation be 


4” 8 — nx+ra?} ~a<p(x)=F(x), 

where p is an unknown, and F a known function. 

Let 


n 2 

* = 2 r+r C08 *’ 


and the equation becomes 


or if 


e»8 2*j -«?{£+* cos *} = F {fr+? 008 *} 

*’{l;+r C08 4=fc(*)' 
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we shall have 


^(2s)— ap 1 (z)=Fj^.+^ cos z^. 


then 


then 


Now 


P, (l) -op, ( 2 l,) = f | s +* 008 2 ^.}- 

P, ( 2 °^ a P' ^2 t,+ ') “^^2 P+ y * 

p, (^.) =x(2”'+ 1 ) +“^(2^) +«'x(s. 1 «)+-+^!- 


c ( xM ±x (--3)<» ? 1 _ . jf „, 

J 0 1 — 2acos04-« a 1 — a 2 ^ '* 

whence (a) is less than unity : then if 

g6>_ 2®+ W + J 

and 

*>=(v+l) log,2+»log,2, 

also 

yt<’)=x(‘")+z(<-'). 

we shall have 


X ( 2 »+»+ 1 ) — 2 » <“ — 2 cos $ + #-* >f( 6 )dO 

1 (*"{** g (ir — 1 g — (tr — 

=ij J > <WW). sin {flog.2”+‘+»flog,2} ; 

zAjFFi) +“zf jFFi) +“’Z^Vi) +« , Z^2 : +‘j + •• • 

{sinfe log,2 B+1 )-f-a sinfe log t 2* +, +^ log, 2) -fa 3 sin (? log,2 , ’ +, +2f log,2)-f&c.) 

_IfT sin ( g log, 2 v+i ) -a sin (g log, 2») 

^rjo Jo a0(i v\ B )'- 1 — 2a cos (g log, 2® +l ) + a 8 * 




Hence 




C log, a 

’■ / ,2 rx—n\ log,£’ 

(cos-— j 




sin I g log, 


2 

2 rx—n 


a sin I glog,- 


2rx—n 


1— 2 a cos J flog,- 


-I — 1+-* 

2 rx—n? 

® A J 
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where 


/(4)=f{^+^ cos cos 0(« tf +O+7 Sin cos 4(s*— s“ # )} 


+f{^+^ cos cos 0(6* +s~ 9 )—^ sin cos 0(6 6 —r 6 ) J. 


Let' 


Next let the functional equation be 


n , 2 

*““”3r+ Sr 008 *’ 


and the equation will be transformed into 


*{~&+'h C0s 3z } {-fr+^ COS *} ' = F {-fr C0S */ 1 


this may be written 
Let 


<p l (3z)—cc<p l (z)=x l (z). 

1 

Z ~ 3 B+I 


whence 


(3O a ^ 1 ^3 e+ 0 ^C 3 ° + 0’ 

Vx (5;) =%(lFn) +“^(3^) + a2 %(3^) +• • • 


The same method evidently applies, and we thus obtain the value of $>(#).' 
In the same way we may treat the equation 

<p(a 0 +a x x-\-a.jc i -\-ajc*+ . . . +a m tf n )—ct<p(x)=Jt'(x), 

where a 0i a lt a a ,... a m _ a must be supposed given in terms of a m _„ a m . 

We will now consider the equation 

J(n — r)r* - 4- 2rw a 4- 2r (rr 1 —nr 1 — 2nn!)x + ((n — r)r ,2 + 2m ,s ).z 9 ) . , . 

— PJr^-h 2t J n i +2i J {r? — nfr — 2nn!)cc-\- \(n! — r / )/ 2 + 2r l n li )x i j &$[£) (#)• 


£et 


x= 


n -f-r cos s 


n' + r' cos* 

Then the equation becomes 

( n + r cos 2z ) (n+rcoas) ( n+r cos r") 

^In'-fr'cos 2zj et ^^nf + t J coszj |«' + r , cos zy 

which may be treated as before : as we may write it 

<Px( 2*)—«9i(*)=x(*)- 
Similar methods will evidently apply to the equation 
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The general linear functional equation of the wth order with constant coefficients is 
p(4> n x)+a<p(yp n -'x)+bQ(-4' n -*x)-\- ... -f h^(x) + k${x) = F(ff), 
where the subject ypx is supposed to be the same as in the preceding equations. 

Let x=x( z ), and $(x) = \]*x( z ) = x( mz ) suppose; then ^ a (x)=x m % ^=%m s 2 , &c., 
and the equation becomes 

$x(m n z) + a<px(m n ~ 'z) -f- b<px(m n ~'z)+ ... +h<px{mz) + Jcpx{ z ) = ^x{ z )- 
Let z—— 1-, and the equation becomes 

(m*) 

This equation may be written 

{l+aeT,+bs l £+ ... = F %(^T»)’ 

or 

{(l+a.g^fl+aaS^^+aag*) ... (l+a„£*)}^(^) =F x(^)’ 

- «.F% ^ + *Fx +&c.| 

+A*|Fx^^ — ajFx^v+n+r) +&C.J 

+ A 3^X (^) — a sF% + «aF% (yiTi+ij +•••} + &c. 

+ F«i-+ (5,j i+ A) ;+&c -> 

where A„ A„, A 3 , &c. are certain functions of a„ a s , a 3 , &c., and C„ C a , C B , &c. are 
arbitrary constants, from whence we at once obtain the value of <p(x). 

We now proceed to consider functional equations with variable coefficients. And first 
let the equation be 

where xi x ) an( l F(#) are known rational functions of ( a ). 

Let 

d + btig 

*= u ” c +eu M — U *+" 

then 

a+bu„ 

W * +1 c+eu M ‘ 

Suppose a solution of this equation of finite differences to be 

A+ 

w *=C+W 
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the equation becomes 
Let 


^-xKM w *+»)= Fw «- 


(«i+g)(«a + g)(« 3 +g) ... 

xu '~' K \Pi+*m+*)(h+*)--- 
and the equation may then be written 

r(« 1 +g)r(a 8 +g)r(« a +g) ... , . «+, r (« 1 +?+ i)r(a a + g+i)r(a a +g+i) ... , . 

a r^+^r^+^r^+z) • • • ^ m +*+ i)rp, +*+ i)r(/3 s +^+ 1) . . . 


. r( ai + 5 )r(« 2 +z)r(« 3 +^) _ 

”* Wx+Wfa+iirfc+M)...*' u *- 


Hence 

_-p t . . (*1 + s) (« 2 + ^) («3 + r) . . . . («, + ^)(*,+xr+l )(« 2 + 5 r)(a 8 + «+l)... 

- Fw *+ a -p^j(^)^7+^“. F (*w+ a F(w ' +s) 

I , c m +a+ z)... 

■+■••• +«*'r(«V+xf)r(« 2 +I)': ..* 

Em, is a rational function of (z), and may therefore be decomposed into a series of 
terms of the form 

1 + 


Fm, 


1 , 1 , 1 , 

.Ti J.i,t • • • 


Hence 


h\ 4* k^z k$ 4" kq~ “H k§, 


1 . ^ (a, + z ) (<x 2 + ~) (« 3 + g) • • • 1 

a ((3 l + z)(P i +z)(t3 3 +z)...‘h l + k 1 (z+iy 


f &C. 


I ^ i (a 1 + c)(« 2 +z)(«3+'2 r ) • • • 1 . n 

’ t h a +k^ ot (fi l +z){fi i +z)(^+z) ...*A 2 +A 2 (z+l)t* KC * . 

i 1 I . (“l + 2 0(“« + 2r )( a 3+ Z ) • * • _ \ I 

^h a + k a Z^ a (f l +2)(^ + z)(^+z) . . / h a + k a (z+\)+ &C ’ 

c m+ g )r^ 2 +z)r«3 3 +^)... 

r(a,+z)r(« 2 +z)r(«3+z)...* 

We may obtain a multiple integral which shall be equivalent to any of the above 
series, by remembering that 


also 


«( * + l)(«+ 2 ) . . . («+ n — 1 ) Tj 8 f 1 fl“ + “- , n vY~*~'dv 

^+1)0+2). ..(^+n— i)-r«r(^-«)J/ ( A v r av 

i r^f 

^ + l )(/3 + 2 )...(/ 3 +n-l)“ 2 t J_. 


$ h dv 


/,h>=£ r '''‘ th " dt ’ 


and summing accordingly. We may hence immediately deduce the value of <p(x). 
It is evident that the functional equation 

tfa+ftr+ar 1 )-* tf*)=F(*), 

2 o 
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when and F! are known functions of (x), may be reduced to the form 

<Pi (a+bx+ca?) — u<Pi(x) =F(#)4(® + bx-\-ca?) 

by making 

<p l (x)='P(x)p(x). 

The second equation has already been considered ; it becomes, therefore, interesting 
to ascertain what equations are included under the form of the first equation, in other 

«!/(#) 

words, to consider what forms the algebraical expression can possibly take. 

The following are a few of them : — 

^(x+2 v'ac— b) x—a x*—a * V"{x*— 2bx + b*— 4ac 


\/a+\ / c.x ’ x(b + cx)’ (2 a + bx + cx^xib + cx)' a — cx* 

Many others may, in like manner, be imagined; and the same methods, mutatis 
mutandis , apply to functional equations of the higher orders with variable coefficients. 

I now come to the consideration of equations involving definite integrals, when the 
equation contains an unknown function under the sign of definite integration. 

Let us take the equation 

f 1 dx®(x)— 1 S?(a) 

where <p(x) is an unknown function of (x) not containing (a), F,(a), F 2 (a). . . , F s (a) rational 
functions of (a) which is supposed to vary independently of (x), to determine <p(x). 
Suppose the equation can be written in the form 

1 ~( x («)) 2 frC 1 "*!) 1 _ - p / \ 

■2^«(1 — 2x*) + (x a ) 2 ' 1 — 2«(1 — 2*) + «*j ' 


where 


/** \{x)dx f _ 

Jo V'l— 


X(x) = <p(x)\/ 1 — X 3 . 


Let a:=sinrt’ and the equation reduces to 


or if 


we find 


frr 

^(«)= dO.- —— \ 

' J 0 1— 2«eo8 0 + «* 


4/ x ( a )+^(«)=2F(4 

Suppose the solution of this equation be determined by the former investigations to be 

*(«) = /(«), 


then 


^ (l-«*)rfflA^sin|^ 
Jo 1 — 2« cos0+«* 


=/(«)• 


0 

\ sin n =a 0 -\-a l cos O-^-a^ cos 2 0-\-a % cos 3 0 -\- ...» 


Assume 
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then since 

we have 


Hence 


l-«* 


^o+a.a +a a a 9 -f . . .)=/(«) ; 
a 0 + a i 6<tf J r a & i ' a + • • • 

a o+ a i 6_ ‘ # + fl! a g-2W + • • • == ^/ , ( g-w )* 


whence <p(x) can be determined. 

Similar treatment will of course apply to the equation 
f ■ ' F,« + P 2 «.Z ' 2 4- Fgflt . X 4 + . . . 


i 


I, F.W + F.;,w -#Tt7 : ^)= F W' 


but the functional equation employed for its solution (when possible by this method) 
will be of a higher order. 

Let us, lastly, consider the equation 

Si f,w?(^(4)=f(“). 

to find <p, where F^ is a known function of (x) not containing (a), and (a) varies 
independently of (x). 

Let 4>(a)=(3, then u=4l 1 P’ and the equation becomes 
Let 

<p(x(l)=A 0 +A l xp+A& i P ' i + . . ., 

then we shall have 

A 0 j* * dxF x x -{- A , j ‘ . xJ?(x) . /3+A,^ Jdar«*F(ff) . /3 9 + • • • 

=F+-'0+F^- | 0 ,/3+F'4-0 . j^ + . . 

then 

a *(0) . _ Fty-'O 

Hence 

F^-K) Fty-'O JFty-iO g* FVO g 3 

^ ' j’^dxFjX 'J \dx.xF x x ’ ' J^r.a^Fjar * 1*2 J^.a^.Fj.ar * 1.2.3 

g being any variable. 

Now suppose 

=%(«)» 

and that we are able to express x(w) by a definite integral, so that 

5flW= $A v )(Kv)) n fo, 
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the integral being supposed to have certain finite limits, we shall have 


Thus if 
we have 


$*+iW*>K«))=F(«), 


Kf)=§5|F+-'(5)+|F+-'|-iJ , ]‘.-7*F4,-'(5.-). 
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XV. On the Difference in the Magnetic Properties of Hot-Polled and Cold-Polled 
Malleable Iron , as regards the power of receiving and retaining Induced Magnetism 
of Subpermanent Character. By Georoe Biddell Airy, Astronomer Poyal. 

Received April 22, — Read May 15, 1862. 


In reflecting on the differences exhibited by different iron-built ships in the change of 
their subpermanent magnetism, it has often occurred to me as a subject worthy of 
experimental investigation, whether a portion of this difference might not depend on 
the temperature at which the plates of iron are passed through the rollers in the last 
stage of their manufacture. No favourable opportunity of making these experiments 
presented itself until, in the course of the last winter, I became aware that Mr. Fair- 
bairn had been engaged in experiments on the difference of the strength of plates of 
malleable iron, according as they had been rolled at a high or at a low temperature. I 
immediately requested Mr. Fairbairn’s kind offices for procuring for me bars adapted 
to magnetic experiment, divided into the four classes of — 1. Hot-Rolled, with the length 
of the bars parallel to the direction in which the rolling had lengthened the iron, or 
parallel to the direction of fibre ; 2. Hot-Rolled, with the length of the bars transverse 
to the direction of fibre ; 3. Cold-Rolled, with the length of the bars parallel to the 
direction of fibre ; 4. Cold-Rolled, with the length of the bars transverse to the direc- 
tion of fibre (which classes will hereafter be described by the words, 1. Hot-Rolled Lon- 
gitudinal; 2. Hot-Rolled Transversal; 3. Cold-Rolled Longitudinal; 4. Cold-Rolled 
Transversal). Upon Mr. Fairbairn’s application, the bars which I requested were 
promptly and gratuitously furnished by Richard Smith, Esq., Superintendent of Lord 
Dudley’s Iron Works at the Round Oak Works near Dudley. 

The number of bars was 24, namely, 6 in each of the four classes above described. 
Each bar was 16 inches long, 4 inches broad, and about £ inch thick : the aggregate 
weight of the bars in each class was, — 1st, 28 lbs. 8 oz. ; 2nd, 28 lbs. 10 oz. ; 3rd, 27 lbs. 
10 oz. ; 4th, 27 lbs. 8 oz. The manufacture of the bars is described to me in substance 
as follows : — The hot-rolled and cold-rolled bars were all manufactured in the same way 
up to the stage of producing sheets of iron of the desired thickness ; the last rollings 
having commenced with large bars at a welding heat, and having terminated with the 
bars (now converted into sheets) at a dull red heat. Then the sheets to be cold-rolled 
were allowed to cool to a perfectly cold state, and in that state were rolled afresh 
between other rollers. After this, the experimental bars were cut out of the sheets. 
Each set of six bars was packed in one box, with the maker’s inscription on every bar 
reading forward in the same direction in all. 

The bars when received by me, after resting some days in a room, were all placed 
MDCCCLXII. 2 F 
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upright in the same direction relatively to the direction of the maker’s inscription, and 
the distinctive number of the bar was painted on the upper end of each ; the end on 
which it was painted being that which is called “ the Lettered End.” The bars rested 
thus for several days, with the lettered end upwards. 

The following apparatus was prepared for the experiments : — A wooden frame was 
constructed about 11 £ feet in length; and this length, in the use of the frame, was 
placed very approximately in the direction of magnetic E. and W. Its ridge was 
21 feet N. of the old front, or 13 feet N. of the new front, of the anteroom of the 
Magnetic Observatory. The upper and essential part of the frame consisted of two 
planes, each about 2 feet broad ; of which one was very approximately in the position 
transverse to the direction of clip at Greenwich ; and the other, at right angles to the 
former, included in its plane the direction of dip. These are called “ Equatorial Plane” 
and “ Dip Plane ” respectively. Ledges of wood were attached to the planes, for the 
support of flagstones resting on the planes and lying parallel to them. And whether 
the wooden surface or the stone surface was employed, a frame of laths was placed upon 
it, which retained the length of each bar in the position nearest to the vertical, and 
prevented one bar from touching another. In this position the bars were struck with a 
hammer. If they were upon the equatorial plane, any induced magnetism was instantly 
struck out of them ; if uppn the dip plane, they became powerfully magnetized, the 
lower end having the same properties as the marked end of a compass-needle, or being 
charged with austral magnetism. 

For testing the magnetism, a vertical wooden rod was provided, carrying two horizontal 
planes or stages, also of wood. The upper stage supported a prismatic Kater’s compass, 
with which a well-defined mark (the ball-mast) was viewed, and its apparent azimuth was 
read. The lower stage supported the bar under experiment, which was placed in a 
horizontal position below the compass, at the distance of 5 inches, as nearly as could be 
conveniently measured, between the centre of the compass-needle and the centre of the 
bar. The reading of the compass-card under view increases as the card turns in the 
direction opposite to that of the sun’s diurnal motion. From this it will appear that 
when the end of a bar, which has been downwards on the dip surface, is placed eastward 
on the lower plane, the austral magnetism of that end will attract the needle’s south 
end towards the east, and will cause the card-reading to increase. 

The bars were numerated as follows : — 

(Hot-Rolled Longitudinal) Nos. 1, 2, 3, 4, 5, 6 (painted in white); 

(Hot-Rolled Transversal) Nos. 7, 8, 9, 10, 11, 12 (painted in black); 
(Cold-Rolled Longitudinal) Nos. 13, 14, 15, 16, 17, 18 (painted in red); 

(Cold-Rolled Transversal) Nos. 19, 20, 21, 22, 23, 24 (painted in blue). 

In the conduct of the experiments, the following rules were uniformly followed : — 

The bafs of the different classes were systematically intermixed, the same order being 
preserved in the whole series of experiments. Thus the order in which they were 
placed upon either plane (equatorial or dip), and the order in which their effects in 
disturbing the compass were observed, was always the following : — 



OF IIOT-ROLLED AND COLD-ROLLED MALLEABLE IRON. 


275 


Order of 
position, or 
ej^eriment. 

No. of bar. 

Order of 
position, or 
experiment 

No. of bar. 

Order of 
position, or 
experiment. 

No. of bar. 

i 

1 

9 

3 

17 

5 

2 

7 

10 

9 

18 

11 

3 

13 

11 

15 

19 

17 

4 

19 

12 

21 

20 

23 

5 

2 

13 

4 

21 

6 

6 

8 

14 

10 

22 

12 

7 

14 

15 

16 

23 

18 

8 

20 

16 

22 

24 

24 


The bars, when on the equatorial plane, were struck in the order 1 to 24 of the “ Order 
of Position, or Experiment;” when on the dip plane, they were struck in the opposite 
order. They were always placed on the experimental stage under the compass in the 
order 1 to 24 of the “ Order of Position, or Experiment.” A printed skeleton form had 
been prepared, and the entries in it of the compass-readings were made without the 
slightest risk of confusion. The lettered end of the bar was always in the first instance 
placed towards the east ; and, as soon as the compass-card was read, the bar was reversed 
in length, and its lettered end placed towards the west, and the compass-card was again 
read. The difference between these two readings (which has been carefully verified by 
examination, and by collateral formation and difference of sums of readings) is the 
number recorded in this paper. The zero, or card-reading when no bar was near, was 
usually taken at the beginning and at the end of each experiment, merely to enable me 
to detect erroneous readings, but no further use was made of it. 

In two instances in Experiment 13, the presumption of error of 5° (undetected at the 
proper moment) was so strong, and the uncertainty as to the side on which the error 
was made was so great, that I judged it best to omit them, and to multiply the result 
for four bars by f , in order to produce the result for six bars. 

The “ Diff. readings ” in the following Tables denotes the excess, with its proper alge- 
braical sign, of the compass-reading when the lettered end of the bar is East above the 
compass-reading when the lettered end is West, and is taken as measure of the inten- 
sity of magnetism of the bar. When the bars have been struck with the lettered end 
downwards, the “ Diff. readings ” is positive. 

Experiment 1, 1862, February 6, 0 h . 

The bars were brought from the painting-room, and were immediately tried. 


Jlot-rollod 

longitudinal. 

Hot-rolled 

transversal. 

Cold-rolled 

longitudinal. 

Cold-rolled 

transversal. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

No. 

Diff 

readings. 


o / 

+ 18 5 

7 

o / 

+ 5 15 

n 

o / 

+ i o 

m 

+ 25 20 


+ 13 30 

8 

+ 7 40 

Kfl 

+ 80 


+ 14 5 


+ 14 30 

9 

+ 7 45 

mm 

+ 7 20 

mm 

+ 18 20 


+ 70 

10 

+ 7 30 

■9 

+ 1 10 

22 

+ 12 50 

5 

+ 11 20 

11 

+ 6 50 

17 

+20 30 

23 

+ 6 20 

6 

+ 12 10 

12 

+ 3 40 

18 

+ 70 

24 

+ 17 30 

Sum... 

+ 76 35 j 

Sum... 

+ 38 40 

Sum... 

+ 45 0 

Sum... 

+ 94 25 


Total sum . . +254° 40'. 

2 p 2 
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The sign of the magnetism in this experiment is opposite to that which would have 
been given by terrestrial induction upon the bars in the position in which they had been 
standing for many days. It appears therefore that the magnetism had b^n produced 
by some circumstance in the manufacture, and that the terrestrial action upon the bars 
in a quiescent state had not reversed or destroyed it. 

The bars were deposited on the flagstones of the equatorial plane, lettered end 
upwards. 

Experiment 2, February 7, 0 1 ‘. 

The bars, without being struck or subjected to any other violence, were tried. 


Hot-rolled 

longitudinal. 

I Tot- rolled 
transversal. 

Cold -rolled 

1 longitudinal. 

Cold-rolled 

transversal. 

No. 

Piff 

readings. 

No. 

Piff. 

readings. 

! No. 

Piff 

readings. 

No. 

niff. 

readings. 

1 

o / 

+ 18 0 

7 

o / 

+ 3 0 

13 

o / 

— 2 10 

19 

+ 25 o' 

2 

+ 13 45 

8 

+ 6 45 

, 1* 

+ 6 30 

20 

+ 13 20 

3 

+ 12 20 

9 

+ 60 

15 

+ 5 25 

21 

+ 18 10 

4 

+ 50 

10 

+ 4 10 

16 

+ 0 20 

22 

+ 11 50 

5 

+ 11 35 

11 

+ 4 25 

17 

+ 19 40 

23 

+ 5 30 

6 

+ 10 30 

12 

+ 3 10 

18 

+ 7 15 

JL 

24 

+ 17 40 

Surn... 

+ 71 10 j 

Sum... 

+ 27 30 

Sum... 

+ 37 0 

Sum... 

+ 91 30 


Total sum . . . +227° 10'. 

The magnetism, it appears, had very slightly diminished. The bars were returned to 
the equatorial plane. 


Experiment 3, February 7, l h . 

Each bar as it lay on the flagstones of the equatorial plane, lettered end upwards, was 
struck with three rather heavy blows, from the unlettered to the lettered end. The 
hammer used was a geological hammer, weighing (with handle) about 2f lbs., and it fell 
in the blows about 2 feet. The bars were immediately examined. 


Hot-rolled 

Hot-rolled 

Cold-rolled 

Cold-rolled 

longitudinal. 

transversal. 

longitudinal. 

transversal. 

No. 

Piff 

readings. 

No. 

Piff 

readings. 

No. 

Piff 

readings. 

No. 

Piff 

readings. * 

i 

o / 

— 2 10 

7 

O ! 

— 2 20 

13 

O / 

-4 35 


n 

2 


8 

■llreWTrMI 

14 

+ 0 40 


WBBEm 

3 


9 

- 2 0 

15 

-7 45 


Kill 

4 


10 


16 

-2 15 

22 

US9 

5 


11 


17 

+ 0 10 

23 

ms 

6 

— 2 10 

12 

- 6 0 

18 

+ 6 25 

24 

ii 

Sum... 

— 8 35 

Sum... 

-21 40 

Sum... 

-7 20 

Sum... 

+9 0 


Total sum . . . — 28° 35\ 


Upon the whole, the antecedent magnetism is destroyed, and a small amount of mag- 
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netism of the opposite kind is left, but it is distributed very capriciously among the 
bars. It seems, to have no relation to the former njagnctism. 

The bars %vero immediately placed on the flagstones of the dip plane, with lettered 
end upwards, and were immediately struck witli the same hammer and in the same 
manner as above, but were not examined on this <day. 


Experiment 4, February 7, 22 b . 

The bars had been resting on the flagstones of the dip plane since Feb. 7, l h , with 
lettered end upwards, and without further disturbance were taken from it for examina- 
tion. 


Hot-rolled 

longitudinal. 

Hot- rolled 
transversal. 

Cold -rolled 
longitudinal. 

Cold-rolled 

transversal. 

No 

Difr. 

No 

Diir. 

i No 

Diir. 

No. 

Diir. 


readings. 


readings. 


readings. 


readings. 


o / 


o / 


o / 



i 

— 22 10 

7 

— 21 0 

i 13 

— 27 o 

19 

— 18 40 

2 

— 19 50 

8 

- 19 10 

i 14 

— 23 40 

20 

— 25 40 

3 

— 18 0 

9 

— 17 30 

15 

— 30 30 

21 

— 14 30 

4 

— 21 20 

10 

— 23 20 

16 

— 29 40 ! 

22 

— 20 50 

5 

- 21 20 

11 

— 20 40 

17 

— 25 15 | 

23 

— 26 10 

6 

— 19 40 

12 

— 20 30 

! 18 

— 25 20 | 

24 

— 30 0 

Sum... 

— 122 20 

Sum... 

— 122 10 

i Sum... 

1 

— 161 25 

| 

Sum... 

— 135 50 


Total sum . . . — 541° 45'. 

The bars were immediately returned to the flagstones of the dip plane, in the same 
position as before, with lettered end upwards, and were immediately struck for the next 
experiment. 

Experiment 5, February 7, 23 h . 

The bars on the flagstones of the dip plane, with lettered end upwards, were struck 
each with three blows, with the same hammer and with the same force as in Experi- 
ment 5. 


Hot -rolled 
longitudinal. 

Hot-rolled 

transversal. 

Cold* rolled 
longitudinal. 

Cold-rolled 

transversal. 

? 0 . 

Ditr. 

readings. 

No. 

Diir. 

readings. 

i 

j No. 

Ditf. 

readings. 

' No. 

Diir. 

readings. 

1 

— 21 20 

7 

o / 

— 19 10 

13 

o / 

— 25 5 

19 

o / 

- 20 0 

2 

— 20 30 

8 

— 18 40 

14 

— 23 40 

20 

— 25 10 

3 

— 16 40 

9 

— 18 10 

15 

— 28 40 

21 

— 17 25 

4 

— 19 50 

10 

— 17 10 

16 

- 29 0 

22 

— 20 27 

5 

— 16 40 

11 

— 15 10 

17 

- 23 10 

23 

— 27 40 

6 

— 20 20 

12 

— 20 40 

18 

- 25 20 

24 

— 31 0 

Sum... 

— 115 20 

Sum... 

1 

»— i 

O 

o 

Sum... 

— 154 55 

Sum... 

— 141 42 


Total sum . . . — 520° 57'. 


The magnetism of the bars is, upon the whole, slightly diminished. The bars were 
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placed on the flagstones of the dip plane, with lettered end downwards, and were left 
undisturbed in that state. 


Experiment 6 , February 10, 23 h . 

The bars, which had been resting # undisturbed on the dip plane with lettered end 
downwards for three days, were taken out for examination without striking or disturb- 
ance. 


Hot-rolled 

longitudinal. 

Hot-rolled 

transversal. 

Cold-rolled 

longitudinal. 

Cold-rolled 

transversal. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

No. 

Diff 

readings. 

No. 

Diff 

readings. 

1 

-l£ 10 

7 

-12 35 

13 

o / 

- 17 50 

19 

o / 

- 17 40 

2 

— 14 20 

8 

— 14 10 

14 

- 21 10 

20 

- 23 10 

s 

— 15 0 

9 

-14 40 

15 

- 24 20 

21 

— 14 30 

4 

- 8 40 

10 

-13 40 

16 

- 23 10 

22 

- 17 30 

5 

-15 30 

11 

-12 30 

17 

— 19 20 

23 

— 23 35 

6 

-14 20 

12 

— 16 0 

18 

- 20 30 

j 24 

— 23 0 

Sum... 

-84 0 

jSum... 

-83 35 

Sum... 

-126 20 

Sum... 

-119 25 


Total sum . . . -413° 20'. 

About 5 th part of the magnetism has been destroyed by three days’ exposure to anta- 
gonistic terrestrial magnetism. 

The bars were returned to the dip-plane flagstones in the same position, with lettered 
end downwards. 

Experiment 7, February 11, 0 h . 

The bars, immediately after the last examination, were returned to the flagstone dip 
plane with lettered end downwards, and each bar was struck once lightly at its centre 
with a joiner’s hammer, weighing with its handle about £ lb., and were immediately 
examined. 


Hot-rolled 

longitudinal. 

Hot-rolled 

transversal. 

Cold-rolled 

longitudinal. 

Cold -rolled 
transversal. 

No. 

Diff 

readings. 

No. 

Diff. 

readings. 

No. 

Diff 

readings. 

No. 

Diff 

readings. 

i 

+ 12 10 

7 

+ 1§ 10 

13 

o / 

+ 90 

19 

O / 

+ 17 0 

2 

+ 11 40 

8 

+ 15 30 

14 

+ 15 0 

20 

+ 11 20 

3 

+ 15 20 I 

9 

+ 12 0 

15 

+ 13 10 

21 

+ 16 30 

4 

+ 80 

10 

+ 11 0 

16 

+ 8 20 

22 

+ 9 40 

5 

+ 12 10 

11 

+ 10 15 

17 

+ 16 10 

23 

+ 8 40 

6 

+ 12 40 

12 

+ 10 40 

18 

+ 15 30 

24 

+ 5 40 

Sum... 

+ 72 0 

Sum... 

+ 75 35 

Sum... 

+ 77 10 

Sum... 

+ 68 50 


Total sum . . . +293° 35'. 

The light blow has destroyed the former magnetism, and has given an opposite 
magnetism of nearly three-fourths its amount. 
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The bars were returned to the flagstones of the dip plane in the same position, with 
lettered end downwards. 


Experiment 8, February 12, 0 h . 

The baprs had not been disturbed in any way since the last examination. They had 
been resting on the flagstones of the dip plane, with lettered end downwards. 


Hot-r oiled 

Hot-rollod 

| Cold-rolled 

Cold-rolled 

longitudinal. 

transversal. 

j longitudinal. 

transversal. 

No. 

Diff. 

No. 

Diff. 

No. 

Diff. 

No. 

Diff. 

readings. 

readings. 

readings. 

readings. 


+ 14 30 

7 

+ 17 10 

13 

o * 

+ 7 55 

19 

+ 1§ 30 


+ 11 25 

8 

+ 10 20 

14 

+ 16 0 


+ 9 45 


+ 11 55 

9 

+ 8 50 

15 

+ 12 10 

21 

+ 16 15 


+ 8 20 


+ 8 50 

16 

esskhh! 

22 

+ 10 10 

5 

+ 11 0 

11 

+ 10 30 

17 

+ 13 30 

23 

+ 8 30 

6 

+ 11 10 

12 

+ 95 

18 

+ 13 15 

24 

| + 5 30 

Sum... 

+ 68 20 | 

Sum... 

+64 45 

Sum... 

+ 72 30 

J 

Sum... 

+66 40 


Total'sum . . . -f-272° 15 '. 

' V 

It is remarkable that the magnetism, though favoured by the inductive force of 
terrestrial magnetism, has in this day’s rest somewhat diminished. 

The bars were returned to the flagstones of the dip plane, with lettered end downwards. 


Experiment 9, February 12, l h . 

The bars on the flagstones of the dip plane, with lettered end downwards, were 
struck each three times (from top to bottom) with the light hammer and with light 
blows, and were immediately examined. 


Hot-rolled 

longitudinal. 

Hot-rolled 

transversal. 

Cold-rolled 

longitudinal. 

Cold-rolled 

transversal. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 


+ 15 55 

7 

2 / 

+ 16 0 

13 

o / 

+ 14 10 


+ 18 

15 


+ 11 5 

8 

+ 14 10 

14 

+ 17 0 


+ 1A 

30 


+ 12 55 

9 

+ 12 20 

15 

+ 14 10 


+ 1? 

50 


+ 11 15 

10 

+ 13 15 

16 

+ 14 15 

22 

+ 18 

5 

5 

+ 13 6 

11 

+ 12 55 

17 

+ 15 50 

23 

+ 10 

25 

6 

+ 12 30 

12 

+ 12 40 

18 

+ 16 10 

24 

+ 11 

0 

Sum... 

+ 76 45 

Sum... 

+ 81 20 

Sum... 

+ 91 35 

Sum... 

+ 91 

5 


Total sum . . . -f- 340° 45'. 

The magnetism is not much increased. 

The bars were placed on the equatorial plane flagstones. 
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Experiment 10, February 15, l h . 

The bars had been lying undisturbed on the equatorial plqpe, lettered end down- 
wards. 


Hot-rolled 

longitudinal. 

Hot -rolled 
transversal. 

Cold-rolled 

longitudinal. 

Cold-rolled 

transversal. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

i 

+ 11 20 

7 

o / 

+ 12 0 

13 

+ 11 30 

19 

+ 15 45 

2 

+ 11 25 

8 

+ 9 55 

14 

+ 13 5 

20 

+ 12 50 

3 

+ 10 20 

9 

+ 9 45 

15 

+ 7 55 

21 

+ 17 5 

4 

+ 6 40 

10 

+ 10 30 

16 

+ 75 

22 

+ 16 55 

5 

+ 9 40 

11 

+ 10 35 

17 

+ 10 25 

23 

+ 6 55 

6 

+ 7 30 

12 

+ 9 50 

18 

+ 9 20 

24 

+ 95 

Sum... 

+ 56 55 

Sum... 

+ 62 35 

Sum... 

+ 59 20 

Sum... 

+ 78 35 


Total sum . . . +257° 25'. 

No specific cause is known for this decided decrease of magnetism. 
The bars were returned to the flagstone equatorial plane. 


Experiment 11, February 15, 2 h . 

The bars, lying on the flagstones of equatorial plane, with lettered end downwards, 
were struck each in the middle of its length, with a single blow of the light hammer. 
The hammer was raised about 18 inches. 


Hot-rolled 

longitudinal. 

Hot-rolled | 

transversal. | 

Cold-rolled 

longitudinal. 

Cold-rolled 

transversal. 

No. 

Diff. 

readings, j 

No. 

Diff. 

readings. 

No. 

Did'. 1 

readings. 

No. 

Diff. 

readings. 


n / 

+ 1 20 

7 

+ 6 35 

13 

o / 

— 4 20 1 

19 

o / 

+ 3 25 


— 0 20 

8 


14 

— 1 10 , 

20 

— 1 40 


— 0 35 

9 

BU 

15 

— 5 55 | 

21 

+ 3 50 


-3 0 

10 

1 

16 

— 55; 

22 

+ 0 15 

5 

+ 0 30 

11 


17 

— 2 35 1 

23 

—5 30 

6 

— 1 20 

12 

— 1 35 

. 

18 

i | 

- 2 25 j 

24 

-5 30 

Sum... 

-3 25 

Sum... 

— 3 35 

Sum... 

-21 30 j 

Sum... 

—5 10 


Total sum . . . —33° 40'. 

The bars were returned to the flagstones of equatorial plane, lettered end downwards. 
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Experiment 12, February 20, 23 h . 

The flagstones had bgpn removed, and the bars were lying on the wooden boards of 
the equatorial plane, with the lettered end upwards. Each bar was slightly rapped three 
times with a wooden mallet, weighing about If lb. 


Hot-rolled 

Hot-rolled 

Cold-rolled 

Cold-rolled 

longitudinal. 

transversal. 

longitudinal. 

transversal. 

No. 

Diff 

No. 

Diff 

No. 

Diff. 

No. 

Diff. 

readings. 

readings. 

readings. 

readings. 


o / 

+ 1 0 

7 

o / 

— 1 20 

13 

o / 

- 4 50 


o / 

+ 0 10 


- 1 50 

8 

- 2 30 

14 

- 1 30 


-1 55 


— 1 5 

9 

- 2 20 

15 

- 7 10 


+ 3 5 


— 4 5 

mm 

- 2 40 

16 

— 6 20 

22 

-0 35 

5 

— 1 30 

Bfl 

— 1 50 

17 

- 3 30 

23 

—6 10 

6 

— 3 20 

m 

- 2 40 

18 

- 4 25 

24 

—3 25 

Sum... 

— 10 50 

Sum... 

-13 20 

1 

Sum... 

-27 45 

1 n 

Sum... 

—8 50 


Total sum . . . —60° 45'. 

It would appear that, after a certain diminution, the shocks on the equatorial plane 
have no tendency to reduce the magnetism further. 

The bars were placed on the wood of the dip plane, with lettered end upwards. 


Experiment 13, February 21, 0 h . 

The bars upon the boards of the dip plane, with lettered end upwards, were fairly 
struck each three times with the mallet. 


Hot-rolled 

Hot-rolled 

Cold-rolled 

Cold -rolled 

longitudinal. 

transversal. 

longitudinal. 

transversal. 

No. 

Diff 

No. 

Diff 

No. 

Diff 

No. 

Diff 

readings. 

readings. 

readings. 

readings. 

1 

— 18 20 

7 

O i 

13 

- 19 25 

19 

o / 

— 15 5 

2 

-15 30 

8 

-14 20 

14 

- 19 10 

20 

- 20 5 

3 

-17 50 

9 

-15 40 

15 

— 23 40 

21 

— 10 25 

4 

-17 55 

10 


16 

- 24 20 

22 

— 14 0 

5 

-15 50 

11 

— 14 0 

17 

— 19 55 

23 

- 20 5 

6 

— 14 25 

12 

-14 10 

18 

— 20 0 

24 

— 21 20 

Sum... 

-99 50 

Sum... 

-87 15 

Sum... 

-126 30 

Sum... 

-101 0 


Total sum . . . —414° 35'. 


The readings for bars 7 and 10 appeared suspicious, and have been omitted, the 
“ sum ” for the second series being formed by multiplying the sum for bars 8, 9, 11, 
12 by £ . It scarcely differs from that which would have been given by the use of the 
recorded numbers. 

The bars were returned to the wood of the dip plane, with lettered end downwards. 
mdccclxii. 2 Q 
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Experiment 14, February 21, l h . 

The bars upon the wood surface of the dip plane, with lettered end downwards, were 
struck each with one light blow of the wooden mallet. 


Hot-rolled 

longitudinal. 

Hot-rolled 

transversal. 

Cold -rolled 
longitudinal. 

Cold-rolled 

transversal. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

H 

o / 

+ 85 

7 

O • 

+ 7 15 

13 

o / 

+ 1 20 

19 

o / 

+ 4 10 

HE 

+ 6 50 

8 

+. 3 35 

14 

+ 6 55 


— 0 10 

mm 

+ 5 20 

9 

+ 5 10 

15 

+ 3 45 

21 

+ 6 55 

Bfl 

+ 5 20 

10 

+ 5 20 

16 

— 0 50 

22 

— 1 50 

Kfl 

+ 8 20 

11 

+ 7 55 

17 

+ 8 50 

23 

+ 0 40 

mm 

+ 8 25 

12 

+ 6 35 

18 

+ 9 55 

24 

+ 3 15 

Sum... 

+ 42 20 

Sum.:. 

+ 35 50 

Sum... 

+ 29 55 

Sum... 

+ 13 0 


Total sum . . . +121° 5'. 


The bars were placed on the wood of the dip plane, with lettered end upwards, and 
were struck each three times with the wooden mallet, and so left. The mallet was 
raised about a foot for each blow. 

Experiment 15, February 22, 0 h . 

The bars were not disturbed before examination. 


Hot-rolled 

longitudinal. 

Hot-rolled 

transversal. 

Cold -rolled 
longitudinal. 

Cold-rolled 

transversal. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

1 

n / 

— 19 10 

7 

— 1<> 40 | 

13 

o / 

— 23 15 

19 

— 18 30 

2 

— 18 50 

8 

— 18 50 ! 

14 

— 24 5 

20 

— 21 10 

3 

— 17 60 

9 

— 18 15 | 

15 

— 26 55 

21 

— 13 55 

4 

— 18 30 

10 

— 19 35 

16 

— 24 10 

22 

— 17 55 

5 

— 17 35 

11 

— 15 50 1 

17 

— 22 40 

23 

— 24 45 

6 

— 15 45 

12 

— 18 25 j 

18 

— 23 35 

24 

— 26 45 

Sum... 

— 107 40 j 

Sum... 

-4)7 35 J 

u in... 

— 144 40 

Sum... 

— 123 0 


Total sum . . . — 482° 55'. 


The bars were placed on the wood of the equatorial plane, lettered end downwards. 


Experiment 16, March 24, 0 h . 

The bars had been lying 30 days undisturbed on the equatorial plane. 


Hot-rolled 

Hot- rolled 

Cold-rolled 

Cold-rolled 

longitudinal. 

transversal. 

longitudinal. 

transversal. 

i — — 

No. 

Diff. 

No. 

Diff. 

No. 

Diff. 


Diff. 

readings. 

readings. 

readings. 

mm 

readings. 

1 

— 1§ 50 

7 

■MS 

13 

— 20 15 

19 

• / 

— 15 5 

2 

— 14 10 

8 


14 

— 19 30 

20 

— 18 55 

3 

BXSH 

9 


15 

— 20 50 

21 

— 10 45 

4 

El 

10 


16 

— 18 20 

22 

— 13 55 

5 

Be 9 

11 

— 11 50 

17 

— 18 55 

23 

— 21 10 

6 

— 12 15 

12 

— 13 45 

18 

- 19 2P 

24 

— 22 35 


— 85 30 

i 

Sum... 

—81 20 

Sum... 

—117 JO 

Sum... 

— 102 25 


Total sum 


386° 25', 
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Experiment 17, March 24, l h . 

Immediately after thp last examination, the bars were placed on the wood of the 
equatorial plane, lettered end downwards, and were struck with the wooden mallet very 
lightly, the mallet being lifted about 2 inches, each bar three times. As soon as the 
series of blows was finished, the bars were struck again in the same manner. They were 
then immediately examined. 


Hot-rolled 

Hot-rolled 

Cold-rolled 

Cold-rolled 

longitudinal. 

transversal. 

longitudinal. 

transversal. 

No. 

readings. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 

1 

o / 

— 11 5 

7 

o / 

— 11 45 

13 

a / 

-17 40 

19 

O / 

-11 80 

2 

-10 15 

8 

-11 10 

14 

-15 5 


-14 15 

3 

- 7 5 

9 

— 10 15 

15 

— 13 30 

SI 

— 7 55 

4 


10 

— 9 45 

16 

— 11 55 

ss 

-11 45 

5 

-11 5 

11 

— 9 50 

17 

— 12 50 

23 

— 19 0 

6 

— 9 10 

12 

— 11 30 

18 

-15 50 

24 

—20 50 

Sum... 

—59 10 

Sum... 

—64 15 j 

Sum... 

— 86 50 

1 

Sum... 

o 

CO 

1 


Total sum . . . — 295° 20'. 

The bars were placed on the wood of the equatorial plane, lettered end upwards. 


Experiment 18, March 24, 2 h . * 

The bars on the wood of the equatorial plane, lettered end upwards, were struck 
with the mallet, each bar three times, the mallet being raised more than 1 foot ; and 
the series of blows was then repeated. The bars were examined immediately. 


Hot-rolled 

longitudinal. 

Hot-rolled 

transversal. 

Cold-rolled 

longitudinal. 

Cold-rolled 

transversal. 

No. 

Diff. 

readings. 

No. 

Diff 

readings. 

No. 

Diff. 

readings. 

No. 

Diff. 

readings. 


o / 

- 1 45 

7 

O / 

- 3 30 

13 

O 4 

— 1 5 

19 

o / 

+ 1 30 


- 2 0 

8 

— 1 5 

14 

+ 0 50 

20 

— 1 5 


— 2 5 

9 


P 

— 3 10 

21 

+ 3 45 


— 1 25 

10 

B mm 

16 

— 2 15 

22 

+ 1 20 

5 

— 1 10 

11 


17 

— 0 55 

23 

— 3 35 

6 

— 0 15 

12 

— 0 40 

18 

+ 0 10 

24 

— 0 15 

Sum... 

— 8 40 

Sum... 

- 6 0 

Sum... 

— 6 25 

Sum... 

+ 1 40 


Total sum . . . —19° 25'. 

The bars were returned to the wood of equatorial plane, lettered end upwards. 


2 q 2 
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Experiment 19, March 25, 22 L . 

The bars were shifted to the wood of dip plane, with lettered end downwards, and 
were struck heavily with the geological hammer swung out horizontally to arm’s length, 
each bar three times. They were examined immediately. 


ITot-rolled 

longitudinal. 

No. 

Ditr. 

readings. 

1 

+ 

o 

21 

45 

2 

+ 

18 

25 

3 

+ 

17 

25 

4 

+ 

15 

20 

5 

+ 

18 

15 

6 

+ 

15 

55 

Sum... 

+ 107 

5 


Cold-rolled 

longitudinal. 

Cold-rolled 

transversal. 

No, 

Diff. 

readings. 

No. 

Diff. 

readings. 

13 

+ 

o 

24 

55 

19 

+ 

o 

28 

10 

14 

+ 

26 

15 

20 

+ 

24 

55 

15 

+ 

21 

30 

21 

+ 

27 

5 

16 

+ 

23 

25 

22 

+ 

26 

25 

17 

+ 

22 

10 

23 

+ 

20 

15 

18 

+ 

24 

45 

24 

+ 

29 

10 

Sum... 

+ 143 

0 

Sum... 

+ 156 

0 


Hot-rolled 

transversal. 


No. 


7 

8 
9 

10 

11 

12 


Sum. 


Diir. 

readings. 


19 40 
19 0 


+ 

+ 

+ 

+ 

+ 16 rs 

+ 15 50 


20 25 
15 30 


+ 107 0 


Total sum . . . +513° 5'. 

The bars were returned to the wood of dip plane, lettered end upwards. 


Experiment 20, March 25, 23 h . 

The bars, on wood of dip plane, lettered end upwards, were struck heavily with the 
geological hammer at arm’s length, each three times. They were then immediately 
placed with lettered end downwards, and struck with blows of similar force, each three 
times. They were then examined immediately. 


Hot-rolled 

Hot. -rolled 

Cold-rolled 

Cold-rolled 

longitudinal. 

transversal. 

longitudinal. 

transversal. 

No. 

Diff 

readings. 

No. 

Diff 

readings. 

No. 

Diff 

readings. 

No. 

Diff 

readings. 

i 

+ 21 20 

7 

+ 18 50 

13 

+ 25 55 

19 

+ 27 25 

2 

+ 17 30 

8 

+ 18 30 

14 

+ 24 35 

20 

+ 19 35 

3 

+ 16 15 

9 

+ 18 10 

15 

+ 24 10 

21 

+ 27 0 

4 

+ 17 0 

10 

+ 19 25 

16 

+ 24 55 

22 

+ 26 55 

5 

+ 20 0 

11 

+ 16 40 

17 

+ 25 0 

23 

+ 23 0 

6 

+ 17 35 

12 

+ 16 30 

18 

+ 26 30 

24 

+ 35 10 

Sum... 

+ 109 40 

Sum... 

+ 108 5 

Sum... 

+ 151 5 

Sum... 

+ 159 5 


Total sum . . . +527° 55'. 

It is worthy of remark that the diff. reading for the bar No. 20 (8th in the order of 
examination) at first appeared to be 24° 25'. After examining bar No. 5, bar No. 20 
was again examined, and the diff. readings was found to be 19° 35' as is given above. 
If the first reading was correct (which there is no special reason for doubting), it would 
appear that the bar lost one-fifth part of its magnetism in a few minutes. 
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The bars were returned to the dip plane, lettered end upwards. On March 27, l h , 
they were moved to the equatorial plane, lettered end upwards. 


Experiment 21, March 31, l h . 

The bars had been resting undisturbed on the equatorial plane since March 27. 


Hot-rolled 

longitudinal. 

Hot-rolled 

transversal. 

Cold -rolled 
longitudinal. 

Cold-rolled 

transversal. 

No. 

Diir. 

readings. 

No. 

Diff. 

roadings. 

No. 

Dim 

readings. 

No. 

Diir. 

readings. 


+ 12 40 

7 

+ 12 25' 

13 

+ 

l£ 

/ 

5 

19 

4” 

o 

23 

35 


+ 13 40 

8 

+ 15 10 

14 

+ 

21 

30 

20 

+ 

19 

30 


+ 12 55 

9 

+ 16 15 

15 

+ 

17 

40 

21 

+ 

21 

40 


+ 15 5 

10 

+ 14 15 

16 

+ 

19 

0 

22 

+ 

22 

50 

5 

+ 15 55 

11 

+ 15 35 

17 

+ 

22 

30 

23 

+ 

22 

10 

6 

+ 15 50 

12 

+ 15 5 

18 

+ 

24 

35 

24 

+ 

32 

5 

Sum... 

+ 86 5 

Sum... 

+ 88 45 

Sum... 

+ 121 

20 

Sum... 

+ 141 

50 


Total sum . . . +438° q' 

The bar No. 20 does not appear to have undergone any further change in its mag- 
netism. 

After this, the apparatus was dismounted, and the bars were packed up in the same 
order as at first. 


I shall now proceed to exhibit the principal results deducible from the details above. 

For abbreviation, I shall sometimes use the expression “tendency 0” to denote that 
the operation on the bars has been performed while they were lying on the equatorial 
plane ; “ tendency + ” to denote that the bars were lying on the dip plane, with lettered 
end downwards; “tendency — ” to denote that they were on the dip plane with lettered 
end upwards. 


Exp. 1. 
2 . 

3 . 

4. 

6 . 

6 . 

7 . 

8 . 
9 . 

10 . 


11 . 


I. Aggregate of magnetism in fhe twenty-four bars. 

After standing several days, tendency — 

After resting one day, tendency 0 

Struck heavily, on flagstones, large iron hammer, tendency 0 . . 

Struck heavily, tendency — ; examined after a day’s rest, with 

tendency — 

(Immediately after Exp. 4), struck heavily, tendency — . . . 

Not struck, but under + tendency for three days 

(Immediately), struck lightly with light iron hammer, tendency + 

After resting quietly one day, under + tendency 

(Immediately), struck fairly with light iron hammer, tendency + 

After three days’ rest, tendency 0 

(Immediately), struck fairly with light iron hammer, tendency 0 


+25! 40 
+227 10 
- 28 35 


-541 45 
-520 57 
-413 20 
+293 35 
+272 15 
+340 45 
+257 25 
- 33 40 
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From this time the bearing is on wood, and the blows are given with a wooden 


mallet, unless otherwise mentioned. 

Exp. 12. Lightly struck, tendency 0 — 60 4^ 

13. Fairly struck, tendency — — 414 35 

14. Very lightly struck, tendency + +121 5 

15. Fairly struck, tendency — , rested one day — 482 55 

16. After thirty days’ rest, tendency 0 — 386 25 

17. Struck very lightly, tendency 0 — 295 20 

18. Struck fairly, tendency 0 — 1925 

19. Struck heavily with geological hammer, tendency + . . . . +513 5 

20. (Immediately), first struck heavily, tendency — ; then struck 

heavily (immediately), tendency + +527 55 


21. After one day’s rest, tendency — , and four days’ rest, tendency 0 +438 0 

It appears that the greatest amount of magnetism is about +530°, and this requires 
a heavy blow; but.it is nearly or quite indifferent whether the bars are supported on 
stone or on wood, and whether the blow is given by an iron hammer or a wooden mallet. 
This amount of magnetism, the bars lying with tendency 0, is diminished in one or two 
days by about one-fifth part, and is scarcely diminished further in thirty days. The loss 
of magnetism is not greater when the bars, instead of lying with tendency 0, arc placed 
in a tendency opposite to the magnetism with which they are charged. When the 
charge of magnetism is smaller than the maximum, the diminution in a day or two is 
nearly in the same proportion. 

It appears also that the effect of violence on the bars while lying with tendency 0 is 
not completely to destroy the magnetism ; and that sometimes the magnetism is actually 
increased by the violence. 


II. Proportions of the Aggregate of Magnetism carried by the different classes of Bars ; 
excluding those experiments in which the Bars had been struck while lying with 
tendency 0. 



Hot-rolled 

longitudinal. 

Hot-rolled 

transversal. 

Cold- rolled 
longitudinal. 

Cold-rollod 

transversal. 

Experiment 4, tendency 

— 

•226 

•225 

•297 

•250 

5, 

— 

•j 222 

•209 

•298 

•2 72 

6, 

— 

•204 

•203 

•306 

•289 

7, 

+ 

•246 

•258 

•263 

•235 

8, 

+ 

•251 

•238 

•266 

•245 

9, 

+ 

•225 

•239 

•269 

•267 

10, 

+ 

•221 

•244 

•231 

•306 

13, 

— 

•241 

•211 

•306 

•244 

14, 

+ 

•349 

•295 

•247 

•107 

15, 

— 

•223 

•222 

•299 

•255 

16, 

— 

•221 

•211 

•303 

•266 

17, 

— 

•201 

•218 

•293 . 

•288 

19, 

+ 

•209 

•208 

•279 

•305 

20, 

+ 

•207 

•205 

•287 

•302 

21, 

+ 

•196 

•202 

•277 

•323 

Mean 

•22 9 

•226 

•281 

•264 
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These results appear to leave no doubt that, as a general rule, the cold-rolled iron 
will, under similar circumstances, take up a heavier charge of magnetism than the hot- 
rolled iron, in the proportion of 545 : 455, or 1*2 : 1*0, very nearly. It also appears that 
the cold-rolled longitudinal takes a heavier charge than the cold-rolled transversal. 

The departures from this result, in Experiments 8, 9, 10, 14, are confined to small 
charges of magnetism, in which accident might have greater play. They are also con- 
fined to magnetism -of + character; of this, perhaps, the following is the explanation. 

The bars when received from the manufacturer had + magnetism (see Experiments 1 
and 2). It would seem therefore that the hot-rolled bars differ from the cold-rolled 
bars in this particular, that the hot-rolled bars retain rather more of their primitive 
magnetism, under all changes, than the cold-rolled bars retain. 

III. Proportions of the Aggregate of Magnetism, without regard of sign, carried by the 
different classes of Bars, when they have been struck while lying with tendency 0. 



Ilot -rolled 
longitudinal. 

Hot-rolled 

transversal. 

Cold-rolled 

longitudinal. 

Cold -rolled 
transversal. 

Experiment 3. 

•184 

•464 

•157 

•193 

11. 

•102 

•106 

•638 

•154 

12. 

•178 

•220 

•457 

•145 

18. 

•380 

•264 

[ -282 

•073 

Mean 

•211 

•264 

•384 

•141 


I do not attach great importance to the apparent tendency of the cold-rolled longi- 
tudinal bars to retain much magnetism and of the cold-rolled transversal bars to retain 
little. The observed deviations are small, and a trifling accidental error may materially 
disturb the results. 


IV. Spontaneous Losses of Magnetism in the Bars of different Classes, when they have 

rested undisturbed. 



Hot -rolled 
longitudinal. 

not- rolled 
transversal. 

Cold-rolled 

longitudinal. 

Cold-rolled 

transversal. 

Sum. 

Exp. 1 to 2, 1 day, tendency 0 

© / 

5 25 

o t 

11 10 

o / 

8 0 

o / 

2 55 

27 30 

5 to 6, 3 days, tendency +, opposing 

31 20 

25 25 

28 35 

22 17 

107 37 

7 to 8, 1 day, +, favouring 

3 40 

10 50 

4 40 

2 10 

21 20 

9 to 10, 3 days, 0 

19 50 

18 45 

32 15 

12 30 

83 20 

15 to 16, 30 days, 0 

22 10 

26 15 

27 30 

20 35 

96 30 

20 to 21, 1 day, — , opposing; 4 days, 0 ... 

! 23 35 

19 20 

29 45 

17 15 

89 55 

Sum 

" — 1 ■ — 1 

106 0 

111 45 

130 45 

77 42 

426 12 
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V. Proportions of the Losses of Magnetism in the Bars of different Classes to the 

Aggregate of Losses. 



Hot-rolled 

longitudinal. 

Ilot-rollcd 

transversal. 

Cold-rolled 

longitudinal. 

Cqld-rollcd 

transversal. 

Experiment 1 to 

•197 

•407 

•291 

•106 

5 to 6. 

•293 

•236 

•266 

•207 

7 to 8. 

•172 

•509 

•218 

•101 

9 to 10. 

•238 

•225 

•387 

- -150 

15 to 16. 

•230 

•272 

•285 

•214 

20 to 21. 

•263 

•215 

•331 

•192- 

Means 

•232 

•311 

•296 

•162 


It appears, as I think (though the last line of Tabic IV. would lead to a different 
conclusion), that there is a real difference in the retentive powers for magnetism among 
the different classes of bars ; and that the cold-rolled bars, under the circumstances of the 
experiments, lose less magnetism, spontaneously, than the hot-rolled bars lose. If, 
instead of comparing the absolute losses of magnetism, we had compared the proportions 
for loss of magnetism in each class to entire magnetism in that class, the difference 
would have been still more remarkable. 
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XVI. On the "Relations of the Vomer , Ethmoid , and Intermaxillary Bones. 

By John Cleland, M.D., Demonstrator of Anatomy in the University of Edinburgh. 

Communicated ly Professor Huxley, F.R.S. 

Received February 28 , — Bead March 21 , 1861 . 

In a paper read before the Royal Physical Society of Edinburgh, in March 1859 *, I 
have drawn attention to the fact, not before noticed, that in Mammalia the lateral 
masses of the ethmoid always lie edge to edge with the dilated part of the vomer, and 
are usually united with it to form one bone. I have shown that in the human subject 
the sphenoidal spongy bones represent, in a disrupted and altered form, the plates by 
which in other mammals this union is effected ; and these plates I have ventured to 
call the ethmovomerinc laminae. 

A further inquiry into the variations of these bones and their development has not 
only confirmed my former statements, but led to other conclusions of most important 
morphological bearing. 

It will be convenient to consider, in the first place, the typical connexions of the 
vomer in the mammal. We shall then examine the peculiar modifications which the 
vomer, ethmoid, and intermaxillaries undergo in the human subject. Afterwards we 
shall review in detail the varieties of their connexions in a number of mammalian 
families, and endeavour to deduce their morphological relations. Lastly, we shall glance 
at the arrangement of these bones in the other classes of Vertebrata, and draw such 
additional morphological conclusions as our observations shall sgem to warrant. 

Typical Connexions of the Mammalian Vomer. 

In all young mammals the septal cartilage of the nose extends backwards to the pre- 
sphenoid bone, and the vomer embraces its inferior edge. The vomer is known to be 
developed from two centres of ossification, one on each side ; it always consists there- 
fore fundamentally of two alsc ; and between these a groove runs along its whole length, 
and is occupied by the septal cartilage. 

Anteriorly it articulates generally with the mesial-palatine processes of the intermax- 
illaries. Sometimes this articulation does not take place, to wit, where the intermaxil- 
laries have either no mesial-palatine processes or very short ones ; but, when it exists, it 
is always of such a character that the vomerine groove is continued forwards by a groove 
between the intermaxillaries, while also the inferior aspect of the mesial processes of the 
intermaxillaries lies in a continuous line with the inferior edge of the vomer. 

* Edinburgh New Philosophical Journal, October 1859 . 
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Since the vomerine groove extends from the presphenoid to the intermaxillaries, it is 
obvious that the primary laminae of the vomer (its alee) can have no contact with the 
bones forming the back part of the palate. The articulation which the vomer forms 
usually with the maxillaries, and often with the palatals, is brought about by the pro- 
duction^ downwards and backwards from the line of junction of the alee, of a mesial 
plate, which is an after-development, and of varying extent in different species. 

Between the vomer and the central plate of the ethmoid the only connexion that ever 
occurs is of a very secondary description. No doubt the appearances in human skulls 
are often such as would incline one to a different conclusion ; but in the skulls of other 
animals there is, even in the adult condition, in the majority of cases, no contact between 
the two bones at all ; and when there is, it is a contact of contiguity, not of continuity. 
The central plate of the ethmoid grows from above downwards at the expense of the 
septal cartilage, and is an ossification of that structure ; while, on the other hand, the 
vomer only embraces the cartilage, never invades it. 

But the most intimate and constant connexion of the vomer is with the lateral masses 
of the ethmoid ; although no one who had confined his attention to the arrangement in 
adult human skulls would think that these bones were at all related. This connexion 
can be very well seen in the Dog, the Cat, the Sheep, or the Pig. In all these animals, 
and indeed, as far as I am aware, in all mammalia except Man, the Orang, the Horse, 
the Elephant, and the Giraffe (keeping the Cetacea out of view at present), the vomer 
and lateral masses of the ethmoid form one continuous bone. The free superior edge 
of each ala of the vomer can be traced all the way back in contact with the mesial 
structures embraced ; and, forming a sharp angle with this edge when examined from 
above, but appearing to be gradually continuous with the ala when looked at from 
beneath, a very thin but often broad plate of bone passes outwards underneath the 
ethmoidal convolutions to the external inferior angle of the lateral mass of the ethmoid, 
and is continuous witlv the principal lamina which forms the framework of that bone. 
This plate is what I have called the ethmovomerine lamina. The vomer frequently 
extends some distance backwards beyond its junction with the ethmovomerine laminae ; 
but the position of the latter is so far constant that their posterior edges are always in 
contact with the sphenoidal processes of the palate-bones. The place of junction of the 
ethmovomerine lamina and ethmoid always corresponds to the upper margin of the 
internal aspect of the foramen called in human anatomy sphenopalatine, but which has 
only a seeming relation to the sphenoid bone in the human subject, and none whatever 
in other mammals, and which it will be better therefore in this paper to call the nasal 
foramen of the palate-bone. 

The Vomer and Sphenoidal Spongy Bones in Man. 

If we now proceed to examine the development of the vomer and the bones connected 
with it in the human subject, we shall see how beautifully the adult appearances toe 
derived from conditions exactly corresponding to those just described. The key to these 
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appearances is to be found principally in the sphenoidal spongy bones. These curious 
little bones reach their maximum of development at a very early age. Of four speci- 
mens beside me illustrating this condition, No. 1 (Plate IV. fig. 1) is from an infant pos- 
sibly about a year old ; No. 2 (fig. 2) from a child two or three years old ; No. 3 (fig. 3) 
from a child which, judging from the appearances of the rest of the skull, may have 
been four years old ; and No. 4 from an infant a few months old. In all these cases 
the body of the presphenoid is distinguishable from the postsphenoid by a mark at the 
line of junction, and projects forwards in continuation of it, in a somewhat rounded 
form, presenting little of that compression which has taken place to so great an extent 
in the adult. The presphenoid at this date is quite unconnected with the sphenoidal 
sinuses, and consists simply of the body just described, and the wings of Ingrassias. 
The body dips between the sphenoidal spongy bones, but is separated from them by 
some thickness of tissue. In Nos. 1 and 2, the sphenoidal spongy bones are already 
adherent to the ethmoid; in 3 and 4 they are unattached either to the sphenoid 
or ethmoid. They are of the shape of hollow pyramids with their apices directed 
backwards, and their inner aspects parallel to their fellows. Their cavities (the com- 
mencing sphenoidal sinuses) open at their bases in front into the nasal fossae. 

There are, I believe, three distinct ossifications which go to the formation, normally, 
of each sphenoidal spongy bone: certainly there are three portions which require 
description. A superior plate, very distinctly marked off in the specimens alluded to, 
limits the sphenoidal sinus more or less perfectly on the superior and internal aspects; 
it forms a convexity directed upwards and inwards, and lies in contact with the fibrous 
tissue which separates it from the body of the sphenoid. An inferior plate forms the 
whole or the greater part of the floor of the sphenoidal sinus, and may be said to be the 
only recognizable part in the adult. Internally this plate comes in contact with the 
lower margin of the superior plate, beneath which it is prolonged downwards so as to lie 
edge to edge with the corresponding lamina of the vomer, immediately in front of the 
thick dilated part. Posteriorly it lies above the sphenoidal process of the palate-bone. 
Besides these two plates, there enters properly into the formation of the sphenoidal 
spongy bone a third element (an orbital plate) connected with the anterior and external 
part of the inferior plate, and whose characteristic property is that by an aspect which 
articulates behind with the sphenoid, in front with the ethmoid, inferiorly with the 
palatals, and sometimes above with the frontal, it takes a small part in the formation of 
the orbit. It may be attached to the ethmoid, palatal, or sphenoid bone, instead of to 
the remainder of the sphenoidal spongy bone. In specimen No. 3 it is certainly un- 
usually large and distinct, but it can be easily distinguished in Nos. 1 and 2 also. It is 
absent in No. 4 ; but there it exists incorporated with the orbital process of the palate- 
bone, at least that process projects upwards between the sphenoid and ethmoid. This 
ei^arged form of the orbital process of the palate-bone is not at all uncommon ; and that 
it arises from union with it of the orbital element of the sphenoidal spongy bone I am 
satisfied, from its occupying the position of that element. Moreover, in an adult speci- 

2 a 2 
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men, in which I carefully disarticulated a palate-bone with an orbital process of that 
description, I found that that process had the whole sphenoidal spongy bone in union 
with it*. 

It will be seen from this description that the sphenoidal spongy bone forms an arch 
of communication between the ethmoid and exactly that part of the vomfer from which 
in other mammals the ethmovomerine lamina springs. Also it is it, and not the sphe- 
noid, which completes with the palate-bone the sphenopalatine foramen ; thus it agrees 
entirely with the ethmovomerine lamina in its relations. If there be yet any link 
wanting to prove its identity with that lamina, we shall find it supplied when we examine 
the skull of the young Orang. 

In a foetus of the third or fourth month, the vomer consists merely of two aloe which 
meet beneath the septal cartilage and form one bone. The inferior edge of the scooped 
bone so formed presents, in a foetus of the fifth or sixth month, a broad surface marked 
by a raphe in the middle line for articulation with the maxillaries strictly so called, i. e. 
the part behind the anterior palatine foramen (fig. 4, B). This surface narrows behind 
into a mere edge to articulate with the palatals ; while in front it ceases abruptly, and 
only the lamina bounding the groove is prolonged on the intermaxillary part of the 
palate. Already the intermaxillaries have begun to be elevated in the middle line above 
the level of the maxillaries, so as to form the crista incisiva, consisting of a process on 
each bone (“semicrista incisiva” of Hent.e), and a groove between the two on such a 
level as to continue the groove of the vomer, which it does throughout life. 

In the skulls of young subjects (for example in the specimen referred to as No. 1 
(fig. 1, B), the vomer is seen in its most characteristic form. The aim have reached their 
maximum of development. At their posterior extremity is seen the thick dilated part 
which passes back beneath the sphenoid, and lies between the upper extremities of the 
pterygoids, which arc sometimes called vaginal processes , but improperly, since they 
only lie edge to edge with the vomer and never sheath it. In front of the dilatation 
the margins of the aim continue for some distance to ascend as they pass forwards, and 
it is at this part, as far forwards as the points at which they begin to slope downwards, 
that the sphenoidal spongy bones are in contact with them. Also, by the elongation of 
the face, the vomerine groove has become sloped, while the extremity which rests on the 
crista incisiva is, by the increased elevation of that process, raised above the level of the 
maxillaries ; and the space thus left between the groove and the hard palate is spanned 
by a mesial plate, about one line deep in front and three behind. As the face developes 
further this mesial plate becomes deeper, and sometimes there is a process continuous 
with the anterior perpendicular edge of the mesial plate, sent downwards between the 
incisive foramina, behind the crista incisiva (fig. 4, A). This downward process is 
occasionally a separate bone, and is so jn a specimen of mine taken from a subject 

* Hehls mentions that the orbital process of the palate-bone “aids in closing the sphenoidal si^is 
when its wall is imperfect.” The condition which he refers to is no doubt that mentioned in the text. See 
Hmux, Handbuch der System. Anat. des Menschen, i. 174. 



OP THE VOMEB, ETHMOID, AND INTEBMAXILLAEY BONES. 


293 


possibly about ten or twelve years old. But apparently the most frequent arrangement 
in the adult is that the crista incisiva is prolonged backwards so as to articulate with the 
maxillaries behind the anterior palatine canal ; and in that case, as the maxillary margin 
of the vomer falls short of the canal, the process in question does not exist. 

At an early age the vomer begins to lose its characteristic form and its individuality ; 
and the sphenoidal spongy bones lose theirs even sooner. In consequence of this, the 
ordinary descriptions, however faithfully they may give an account of the appearances 
in adult skulls, are imperfect as descriptions of these separate bones. The fact is that 
the maturity of a skull docs not correspond with the period of most perfect development 
of the individual bones of which it is composed. This is recognized by us when we 
resort to young skulls for specimens of disarticulated bones, and would be acknowledged 
still more readily in describing an elephant’s skull or a whale’s ; but, with regard to 
the bones in question, the period of this most characteristic condition is so early that it 
has escaped due attention, and the natural result has followed, that the adult appear- 
ances have not been properly understood. 

The alterations which the sphenoidal spongy bones undergo take place in connexion 
with the increased hollowing out of the sphenoidal sinuses. As these sinuses dilate, the 
superior plates of the spongy bones are pressed against the body of the presphenoid, 
which also becomes narrowed and deepened, until, instead of a thick bone in the middle 
line and a lamina supporting it on each side, we meet with only one central lamina 
between two large sinuses, and that deviating often a great distance to one side. The 
processes which projected downwards to the vomer disappear by the dilatation of the 
sinuses, until there is nothing left of them but a slight ridge corresponding to the edge 
of the vomer ; inside which, what was once a perpendicular lamina forms part of the 
convex floor of the sinus, and on reaching the middle line is incorporated with the body 
of the presphenoid to form the septum sphenoidale. Thus the sphenoidal spongy bones 
become blended with the sphenoid, while at the same time their appearance of continuity 
with the vomer is gradually effaced ; so much so, that the latter is habitually and cor- 
rectly described as resting, in the adult, against their under surface. In the Anatomical 
Museum of this University there is a skull, seemingly from a subject about twelve years 
of age, in which the descending processes of the sphenoidal spongy bones have at the 
fore part not yet begun to be rounded away, but articulate accurately edge to edge with 
the vomer. 

The sphenoidal and other sinuses no doubt have the important function of serving as 
caves for the reverberation of the voice, but they are likewise useful in giving lightness 
to the bones they occupy ; and though in old persons they cease to communicate with 
the nose, they nevertheless grow larger and larger as age advances and the bones grow 
denser, until, as in a specimen beside me, the antrum of Highmobe invades the malar 
bones, and the sphenoidal sinuses so hollow-out the sphenoid that the walls of the Vidian 
cabals are laid bare and traverse them like tubes. In these aged subjects the septum 
sphenoidale is a very thin partition indeed, and is usually very much driven to one side. 
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The alterations which take place with growth in the form of the vomer are results of 
the peculiar conformation of the human face, which is developed with a'view to speech 
and expression, and not, as in the lower animals, for the mere prehension of food. The 
more the maxilla projects the wider is the gape allowed; but in Man, especially in the 
civilized races, instead of there being any such projection, the palate is short and the 
incisors perpendicular; and, as adult life approaches, the nasal fossae and antra of 
Highmore are enlarged to such an extent by downward growth of the maxillae as to 
render the perpendicular height of the posterior nares quite a distinctive characteristic 
of the human skull. In consequence of this elongation of the face, the distance between 
the cribriform plate and the palate is rapidly increased. This distance the central plate 
of the ethmoid and the vomer must span ; and as they stretch to accomplish this object, 
they become attenuated and most frequently lose their symmetry. Often indeed the 
first degeneration from its typical form which the vomer undergoes is a deviation of its 
lamince from the middle line. This is found even in children. 

As the central plate of the ethmoid grows downwards, its edge, which is advancing at 
the expense of the septal cartilage, corresponds with that structure in thickness. But 
only the edge is so thick ; the rest of the plate gets thinner and thinner as it becomes 
elongated, and may even present irregular perforations. The vomer, on the other hand, 
embraces the cartilage from below. But when the central plate of the ethmoid, growing 
down from above, comes in contact with the aim as they stretch upwards in the peri- 
chondrium, the ossifications from above and below unite, and if the middle line has 
been perfectly preserved, the cartilage between them is surrounded above, below, and 
on each, side by bone. Very rarely this vestige of cartilage disappears entirely, and 
there is then a thin lamina of bone extending from the cribriform plate to the palate, 
and in it a diagonal of stronger bone stretching from the crista incisiva to the sphenoid. 
Generally, however, the deviation from the middle line is considerable, and the central 
plate of the ethmoid, though anchylosed with both aim at the back part, is in front 
united more with one lamina than the other (usually most with that on the concave 
side of the septum), while the other tends to undergo atrophy. The cartilage between 
them is thus left more exposed on one side than the other, or sometimes is exposed on 
one side at one part, and on the other side further back. Occasionally, even in old sub- 
jects, a thread of cartilage can be traced back into one of the sphenoidal sinuses. 

When the vomer is described as only grooved at its upper and back part, and exhi- 
biting a cul-de-sac for the reception of the rostrum, the description is that of an irre- 
gular piece of bone consisting of the vomer and part of the ethmoid. The specimens 
chosen for study by the describers have been taken from skulls in which the vomer has 
already become thoroughly united to the central plate ; and when it has been sought to 
separate it, the central plate has given way at its weakest part. In other instances the 
fracture is effected through the alee of the vomer. It is utterly impossible to separate 
a vomer accurately from the central plate after the two bones have come into contact. 
The ridge which one so frequently meets with on one side of the vomer in specimens 
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purchased with disarticulated skulls, is formed by an atrophied ala of the vomer, or by 
the edge of the central plate of the ethmoid projecting to one side, which it may do in 
an infinite variety of ways. 

The same cause accounts for the imperfect description of the inferior margin of the 
vomer. In particular, the projection which lies on the crista incisiva is very liable to 
be destroyed by anchylosis ; and even when it is not anchylosed it often requires very 
careful disarticulation to exhibit it. Sometimes the crista itself undergoes changes. It 
may have the margins of its groove worn away, and present a flat surface having the 
fore part of the vomer imbedded between its halves ; or it may be completely bent over 
to one side, so that one semicrista shall lie above the other, while the fore part of the 
vomer, lying between them, is necessarily distorted, but may yet admit of disarticulation. 
At an early age the united margins of the maxillaries behind the anterior palatine canal 
become elevated into a sharp ridge, and the margins of the originally flat surface of the 
vomer in contact with them bend down to grasp it, and become irregular, thin away, 
and disappear more or less completely. Vestiges of them, as they die away, may some- 
times be seen still very distinct on careful disarticulation, even in adult subjects. The 
edges of the palate-bones often form a more prominent ridge than the maxillaries* rising 
into a spine a couple of lines or more in height ; and the portion of vomer in contact 
with this is a thin edge. 

These remarks, I believe, arc sufficient to show that if the human vomer is to be 
described with accuracy in its character as a separate bone, it must be studied as it 
shows itself in early life *. 

If it be asked why, even in the early condition, when its form and connexions most 
resemble the typical arrangement, the human vomer should yet differ from the arrange- 
ment in other mammals by having the arch of communication between it and the 
ethmoid a separate bone, some explanation will be arrived at by considering that in 
Man the ethmoid is very feebly developed, and that the distance between the ethmoid 
and vomer is increased, — circumstances which depend on the feeble development of the 
sense of smell, and on the rapid curvature of the arch of the cranium. To the cursory 
glance the human ethmoid presents a rather well-developed appearance, since it forms a 
large part of the inner wall of the orbit, and the orbital plate is a peculiarity confined to 
Man and the Quadrumana. Yet in Man the ethmoid is rudimentary, and in Monkeys 
still more so ; and the existence of the orbital plate is a mere consequence of the great 
curvature of the cranial arch. In the generality of mammals the ethmoid is shielded 
by the frontal and palatals ; but in Man the palatals arc removed from it by the down- 
ward development of the face ; while by the great size of the anterior lobes of the brain 
it is pushed from under the shelter of the frontal, and the cribriform plate is depressed 
into the horizontal plane, instead of occupying, as in the Cat, the Sheep, &c., an almost 
vertical position. But whereas in most mammalia the lateral masses of the ethmoid 

* Of this the first Mowao was well aware. See the Works of Alxxaitosb Mokbo, M.D., published by 
hi« sou in 1781, p. 120. 
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are* composed of large turbinations imbedded in a dense mass of small leaflets, and both 
leaflets and turbinations lie at right angles to the cribriform plate, in Man there are no 
such leaflets and only two stunted turbinated processes, which, instead of descending to 
fill the nasal cavity, immediately curve backwards so as to occupy as little room as 
possible. And not only is the ethmoid so rudimentary, but by the curvature of the 
cranial arch, the vomer is moved away from it ; its anterior extremity sloping rapidly to 
a lower level, and its posterior being pushed backwards under the sphenoid. Of this 
latter fact we may be convinced by comparing the position of the human vomer with 
that of the same bone in the Cat. The Cat has got sphenoidal sinuses as well as Man, 
but they are floored-in entirely by projections downwards from the wings of Ingrassias ; 
and the part of the vomer which is continued into the ethmovomerine lamina; lies, not 
underneath the sinuses, but underneath the ethmoid, immediately in front of the sinuses. 
Moreover, it is very important to keep in mind that the margin of the ethmoid which 
is placed posteriorly in the human skull is that which is morphologically inferior, and 
which corresponds to that to which the ethmovomerine lamina is habitually attached, 
and to which therefore it behoved that the human vomer should be connected. This 
will be best illustrated by using the vomer and ethmoid of the Sheep, Dog, or Rabbit 
for comparison. It will then be easily understood, on referring to Plate IY . fig. 5, how 
there comes to be a space left between the ethmoid and vomer, to bridge over which the 
large and peculiar development of ethmovomerine lamina; as sphenoidal spongy bones 
becomes necessary (fig. 5). 

Varieties presented by the Vomer and Intermaxillaries in different Classes of Mammalia. 

In the Quadrumana the vomer comes to a point anteriorly, which is so directed that 
the vomerine groove is continuous, as in other animals, with the upper surface of the 
intermaxillaries; but it never comes further forwards than just to touch them, and 
sometimes falls short of them by a slight interval. This is owing to a want of develop-* 
merit of the mesial-palatine processes of the intermaxillaries, these bones having in the 
Quadrumana begun to suffer that atrophy which they undergo in the human subject ; 
and as their bulk is occupied almost entirely by the sockets of the large incisor teeth, 
while, on the other hand, the cartilages of the nose are little developed, there is no 
appearance of the crista incisiva found in Man. The ethmoid and vomer are continuous, 
according to the normal plan, save only in the Orang ; and we may therefore confine our 
attention to the arrangement in it and in the Chimpanzee. In two skulls of Chimpan- 
zees in the University Museum, the posterior part of the vomer arches out on each side 
into a lamina which passes up in front of the sphenoid to be continuous with the orbital 
plate of the ethmoid, as in other Quadrumana ; but both are skulls of animals of such an 
age that they present anchylosis of many sutures. In the Orang, however, there are 
certainly separate sphenoidal spongy bones. The examination of three young Orang 
skulls gives the following results. In the largest skull, the sphenoidal spongy bone 
is quite distinct on the right side, both from the orbital plate of the ethmoid and 



OF THE TOMER, ETHMOID, AND INTERMAXILLARY BONES. 


297 

* 

from the vomer ; but on the left side their suture of connexion with the ethmoid - has 
begun to disappear, and it scarcely comes into contact with the vomer. In the smallest 
skull, the sphenoidal spongy bones are perfectly free from the ethmoid on both sides, 
and also free from the vomer, though in contact with it ; but while that on the left side 
is perfectly free from the sphenoid, the right one is anchylosed with the anterior inferior 
margin of that bone. In the remaining skull, the sphenoidal spongy bones are separate 
“from the orbital plates of the ethmoid, but are anchylosed with the sphenoid both in 
front of the foramen opticum and below, also with the vomer, and with a turbination of 
the ethmoid. In all three cases the sphenoidal spongy bones take part in the formation 
of the orbit, while the palatal has no orbital plate. 

The shape of the posterior extremity of the vomer affords us a very distinctive differ- 
ence between the skulls of the Orang and Chimpanzee, which I believe has not hitherto 
been noticed. In the Orang it is expanded, flat, and with irregular edges. In the 
Chimpanzee it is thick, comparatively narrow, with straight edges, bifurcated, and fitted 
into a groove so as to leave a canal between it and the sphenoid. These characters are 
well marked even in the extremely young skull. In the Gorilla the posterior extremity 
of the vomer has expanded irregular edges as in the Orang, while it is bifurcated and a 
"Canal is left above it as in the Chimpanzee* (fig. 6). 

In the Bat , the intcrmaxillaries are extremely small ; they do not come together in 
the middle line, and have no mesial-palatine processes ; they therefore have no connexion 
with the vomer. 

In the Carnivora , the vomer and ethmoid are quite typical in their arrangement. In 
the Cats, the Dogs, and the Bears, the mesial plate of the vomer reaches a short way 
back upon the palatals. In the new-born Kitten the sphenoid, vomer, and intermaxilla- 
ries are seen in a very instructive condition. The body of the presphenoid is not yet 
compressed into a septum, and the two projections from the wings of Ingrassias, which 

* afterwards meet beneath so as to enclose the sinuses, are as yet but little processes ; the 
vomer passes forwards in a straight line from the front of the body of the presphenoid ; 
and beyond the vomer this line is continued by the intermaxillaries, while the surface 
for articulation of the vomer with the maxillaries is as yet a mere knob. This arrange- 
ment is calculated strongly to suggest the idea of a series of centra (fig. 7, D). 

* In the engraving of the base of the skull of a Chimpanzee in the Trans. Zool. Soc. vol. iii. pi. 60, 
illustrating Professor Owen’s paper, “ Osteological Contributions to the Natural History of the Chimpanzee,” 
the canal along the middle line of tho sphenoid is represented as completed behind the vomer by junction 
of the roots of the pterygoid bones, or in other words, by the vaginal processes meeting together in the 
middle line. This completely conceals from view any parallel-bordered part of the vomer which may be sup- 
posed to rest between these and the body of tho sphenoid. The skull represented is that of a male. The 
representation of the vomer of the Gorilla in pi. 63, illustrating the same paper, agrees with the description 
given above. My sketch was taken from a Gorilla’s skull in the Museum of the Jardin des Plantes, Paris. 

In tho skull of a young male Chimpanzee in Dr. Allen Thomson’s possession the pterygoids have already 

• almost met in the middle line, as represented in Professor Owen's drawing, while the vomer is compressed 
between them. Most probably this is a sexual characteristic. 

MDCCCLXII. 2 S 
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The posterior extremity of the feline vomer, as I have observed it in the Lion, Tiger, 
Leopard, and Cat (fig. 7, A), is of a well-marked constant form, viz. the posterior margin 
of the ethmovomerine lamina; is a straight line across, and behind it the vomer sends 
back a narrow process between the palatals. In the canine family the ethmovomerine 
laminae are very broad, and their posterior margins slope backwards and inwards to the 
posterior extremity of the vomer (fig. 8). 

In the Bears and their allies the mesial-palatine processes of the intermaxillaries comd* 
in contact with the lateral plates of the same bones behind the incisive foramina, and in 
the middle line between them there is also a characteristic foramen (fig. 9). This fora- 
men varies very much in different species, and also in individuals. The Ursus omatus , 
in three specimens in the Museum at the Jardin des Plantes at Paris, has it larger than 
any other bear’s skull in that collection. The Ursus maritimus has it always of con- 
siderable size. In Ursus arctos and Ursus americanus it is small and variable. The 
Coati Mondi has this foramen very large ; and I observe it, but small, in the Weasel, the 
Marten, the Glutton, and the Hyaena, very small in the Badger, and not at all in the 
Civet and the Otter. The inferior margin of the vomer of the Weasel, notwithstanding 
the length of the hard palate, is very short ; it articulates with the intermaxillaries, and 
only for a very short distance with the maxillarjes. 

In the Seal the ethmoid is so compressed that the elements of which it is composed 
are brought close together; so close that beneath the nasal bones the central plate, which 
is slightly flattened out above, comes in contact with and is soldered to the outer plates of 
the lateral masses (fig. 10). There is no need in this instance of a special ethmovomerine 
lamina to unite the vomer and lateral mass ; they are in contact, and are anchylosed 
directly with one another. At an early age the central plate of the ethmoid of the 
Seal becomes closely connected with the vomer ; yet even after it has extended down to 
the vomerine groove, one can mark this distinction, viz. that the central plate replaces 
the septal cartilage, while the vomer surrounds it. The vomer merely touches the?, 
intermaxillaries, and does not reach back to the palate bones. 

The arrangement in the Hedgehog is interesting in this respect, — that, owing, I pre- 
sume, to the unarched form of the head, the inferior margin of the central plate of the 
ethmoid intervenes for about a third of an inch between the vomer and presphenoid ; so 
that if the maxillary and palate bones be removed from a hedgehog’s skull, there are 
seen extending in a straight line forwards, the bodies of the occipital, postsphenoid, and 
presphenoid bones, the central plate of the ethmoid with a slightly flattened edge lying 
between the ethmovomerine laminae, then the vomer, and lastly, the mesial-palatine 
processes of the intermaxillaries ; the whole presenting the appearance of a series of 
homologous elements (fig. 11). 

Ruminantia . — In the Ox, the Sheep (fig. 12), the Deer, the Camel, and the Alpaca, 
the vomer has the typical arrangement. The inferior margin is not prolonged back 
sufficiently far to articulate with the palate bones, and its anterior extremity is scarcely* 
prolonged upon the intermaxillaries, but fits on to them in such a way as to make their 
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mesial processes continuous with it. In the Giraffe, however, there is an exception to 
the usual connexions ; the superior parts of the palatals floor-in the greater part of the 
ethmoidal turbinations, and the alae of the vomer only come in contact for a very short 
distance in front of the palatals with prolongations inwards from the framework of the 
lateral masses of the ethmoid, but are not anchylosed to them. The arrangement is 
extremely similar to that in the Horse, 'even in the shape of the back part of the vomer. 
• There are some interesting varieties in the intermaxillaries of ruminants. In the 
animals which we have hitherto examined, the angle of junction of the mesial-palatine 
and lateral plates of the intermaxillary has been the most anterior part of that bone, 
and the groove for the septal cartilage has been open in front, so that, as in the human 
subject, the cartilage could be prolonged forwards beyond the intermaxillaries. But in 
the Sheep there is a slight, a very slight inclination of the lateral plates to prolong 
themselves forwards beyond the points at which the mesial palatine processes come off 
from them (fig. 13). These points are at a little distance from the middle line, and the 
prolongations forwards of the lateral plates are inclined inwards, so that in front of the 
mesial plates there is a little space left in the middle line. Into this space the anterior 
extremity of the septal cartilage, slightly dilated, dips down, and the tendency of the tips 
of the intermaxillaries is to embrace it. This arrangement is so faint in the Sheep that it 
would appear unworthy of attention, were it not that in the Camel and the Alpaca it is 
carried out to a most distinct and unmistakeable extent. In them the mesial-palatine 
processes, which are but slender in comparison with the lateral plates, arise at such a 
distance from the middle line that at their bases they are first directed inwards to meet 
one another before they are directed backwards. The space for the extremity of the 
septal cartilage is large, and almost converted into a foramen by the prolonged tips of 
the lateral plates approaching the middle line in front of it ; and as they do so, they 
turn their inner aspects downwards, and embrace the cartilage on its upper border. 
Thus there can remain no doubt that the portion of the cartilage which projects through 
the space into the palate is really its anterior extremity (Plate V. fig. 14). 

In the Giraffe this relationship of the intermaxillaries to the septal cartilage is very 
distinct. The mesial-palatine processes are very large, while the lateral plates are com- 
paratively slender ; but the continuation forwards of the latter to embrace the septal 
cartilage is well marked (Plate IV. fig. 15). 

Pachydermata . — In the Horse, as already mentioned, the connexion of the vomer 
with the lateral masses of the ethmoid is of an exceptionally slight description. The 
leaflets of the ethmoid, which in most instances lie in contact for a considerable extent 
with the ethmovomerine laminae, are in this case floored-in completely by the superior 
parts of the palate bones. But even in these circumstances a slender lamina, imme- 
diately in front of the palate bone, and in contact with its nasal foramen, passes down- 
wards and inwards on each side from the ethmoidal turbinations, and articulates with 
the ala of the vomer, though it is not anchylosed to it (fig. 16). These peculiar rela- 
tions in the skull of the Horse seem principally to depend on the palate bones being 
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pushed further forwards than usual ; a circumstance which is probably connected with 
the habitual nasal respiration of the Horse*, as, by the posterior nares being placed well 
forwards, the most direct and free connexion between the nasal passages and respiratory 
organs is obtained. The lateral plates of the intermaxillaries of the Horse meet for 
some distance in the middle line in front of the septal cartilage, in the same way as we 
have seen them tending to do in the Camel ; but the mesial-palatine processes arise quite 
from the fore part, and are in contact with each other at their origins, so that the extre- 
mity of the cartilage is enclosed completely in a cul-de-sac, and does not project into the 
palate (Plate V. fig. 17). 

In the Pigs, the vomer articulates with the intermaxillaries, maxillaries, and palatals 
below, and forms one bone with the lateral masses of the ethmoid, according to the 
typical mode. The posterior extremity of the vomer is always very narrow, and the 
intermaxillaries are as in the Carnivora. W e may notice also the little bone developed 
in the anterior extremity of the septal cartilage, in connexion with the snout. 

In the skull of a sucking-pig, I have observed to advantage some of the more 
important morphological relations of the vomer (Plate IV. fig. 18). The central and 
cribriform plates of the ethmoid have not yet begun to ossify; there are separate centres 
of ossification in a number of the leaflets of the lateral masses, and larger ones in the 
great turbinated processes ; and on each side the vomer is continuous (with only a slight 
trace of the junction) with a mass of bone consisting of the ethmovomerine lamina and 
part of the lateral mass of the ethmoid. It is but fair to add, .that already the vomer is 
anchylosed to the body of the sphenoid. The articular surface on the inferior edge of 
the vomer for the maxillaries is flat, with a raphe in the middle line, and abruptly ceases 
where the intermaxillaries fit on ; and the inferior surface of the mesial processes of the 
intermaxillaries is continuous with the maxillary surface of the vomer; a state of matters 
exactly similar to what we have noticed in the young human subject, and which may 
also be seen in the skull of a new-born puppy. 

The Hippopotamus has the vomer and intermaxillaries arranged like those of the 
Pig. 1 he ethmovomerine lamina are broad, but in the specimen which I examined, 
although it was a well-grown one, there were suture markings between them and the 
vomer. 

In the young Elephant (Plate V. fig. 19) the intermaxillaries come in contact with one 
another by means of large triangular surfaces, which reach to a considerable height above 
the level of the floor of the nares behind. They have no mesial-palatine processes. There 
is a small anterior palatine canal between them and the maxillaries in the middle line. 
The vomer is but a slightly developed bone : in the specimen before me it presents in the 
greater part of its extent superiorly a mere edge to articulate with the septal cartilage, 
and no vestiges of alee. At the posterior part, however, it is bifurcated, and comes in 
contact with the lateral masses of the ethmoid, but is not anchylosed to them. At its 

• Pointed out by Sir Cha.bl£b Bull in hia ‘Anatomy and Philosophy of Expression,’ 3rd edit. pp. 126 
and 184. 
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anterior extremity it presents two processes ; one passing into the anterior palatine canal, 
the other inclined somewhat upwards behind the surfaces of contact of the intermaxil- 
laries. The superior and inferior margins of the vomer are thus rendered continuous 
with those of the intermaxillaries. 

In the two-horned species of Rhinoceros the intermaxillaries are very small, and con- 
sist merely of lateral plates, without vestige of mesial-palatine processes ; while the 
anterior extremity of the vomer stops short on the palate plates of the maxillaries, some 
distance behind their anterior margin. But in Rhinoceros indicus (which unfortunately 
I have not examined) a process of considerable size is described as arising from behind 
the superior margin of the intermaxillary ; and in R. ticliorhinus , not only is the osseous 
septum of the nose rendered complete by this process reaching up to the nasal bone, 
but the thick nasals are prolonged downwards to the level of the palate, and articulate 
with the anterior extremities of the intermaxillaries, so as to form a complete arch of 
bone in front of the nostrils, the only instance of this among Mammals *. 

In the Tapir we have another instance of intermaxillaries without any mesial-palatine 
processes, and the anterior extremity of the vomer stopping short upon the maxillary 
bones ; the intermaxillaries, however, are of considerable size, and come in contact with 
one another for a considerable distance in front of and above the septal cartilage, exactly 
as in the case of the Horse, only much more extensively (fig. 20). 

Rodentia . — In the Roden tia the vomer is remarkable for the very little tendency it 
evinces to articulate witl\ the maxillaries. Its superior connexions are typical, i. e. it is 
continuous with the lateral masses of the ethmoid, and the margin of junction of the 
ethmoid and ethmovomerine lamina enters into the formation of the nasal foramen of 
the palate bone, as seen from within. In all those that I have examined the vomer is 
bifid in front, and fits on edge to edge with those parts of the mesial processes of the 
intermaxillaries which bound the groove for the septal cartilage. The mesial processbs 
of the intermaxillaries are well developed, and arc expanded laterally in connexion with 
Jacobson’s organs in a very characteristic fashion. The edges for articulation with the 
vomer tire sometimes, as for instance in the Hare, very minute : but in other species with 
strong incisors they are well developed ; thus they arc of considerable size in the Paca 
(fig. 21); while in the Porcupine they are remarkably elevated, and the vomer sends 
down a process from its mesial plate between them. 

In the Rat, the Beaver, the Porcupine, and the Paca, the vomer comes in contact with 
the anterior extremity of the maxillary part of the palate plate by a little, slightly dilated 
point ; in the Squirrel it scarcely comes in contact. But the most interesting condition 
is seen in the Hare and Rabbit : they have only one single large foramen incisivum ; for 
although the mesial-palatine processes of the intermaxillaries project well backwards, the 
palate plates of the maxillaries do not come far enough forwards to meet them : the vomer 
does not even approach the maxillaries, but its posterior margin terminates inferiorly in a 
thickened angle, which articulates with the intermaxillaries in such a manner as to be 

* Cuvies, Ossomons Fossiles, tom. ii. Meckel, Anatomie Compare (traduit), tom. iv. p. 273. 
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continuous with their inferior margin ; and between this angle and the point where the 
vomerine groove is continued on to the intermaxillaries, there intervenes a considerable 
space in which the vomer comes in contact with the intermaxillaries by the edge of a 
triangular development of mesial plate (fig. 22). 

In the Edentata the vomer has its superior connexions typical. In Gfyutervpus its 

inferior margin reaches back to the palatals, in Manis and Myrmecophaga it does not; 
and in Bradypus it only articulates with the anterior part of the maxillaries. The inter- 
maxillaries are very small. They are smallest in Bradypus. In B. didactylis and B. tor - 
quatus they are separate ; in B. tridactylis they are fused into one little plate, which is 
in contact with the maxillaries by its posterior and lateral angles, and anteriorly turns 
upwards upon the septal cartilage. In Myrmecophaga the intermaxillaries are some- 
what better developed, but the incisive foramina being large, the mesial-palatine pro- 
cesses do not quite come in contact with the vomer, even though the latter projects some 
distance forwards beyond the maxillaries. 

The intermaxillaries of the Armadillo are very characteristic. Their lateral plates are 
broad, and meet together in the middle line of the palate behind the incisive foramina. 
These foramina are small; and the mesial-palatine processes which separate them are 
slender, but are prolonged back upon the superior aspect of the line of junction of the 
lateral plates, so that thus the vomer rests upon the mesial-palatine processes, according 
to the general rule, and does not come in contact with the lateral plates. 

In the Marsvpiata the relations of the vomer are normal. Sometimes, as in the 
Koala, the inferior margin articulates with the palatals ; sometimes, as in the Kangaroo, 
it does not. The groove for the septal cartilage is open in front, as in the Carnivora. 
In the Kangaroo (fig. 23) the ethmovomerine laminae are very broad: the vomer exhi- 
bits on each side a peculiar lateral ridge, which extends forwards from the point where 
the ethmo vomerine lamina comes off, and articulates in front with a very long prolonga- 
tion backwards of the mesial process of the intermaxillary, which extends between it 
and the maxillary. This ridge exists also in the Wombat, the Phalangers, and the 
Opossum ; probably it is a constant marsupiate characteristic. 

Cetacea . — In the Manati and Dugong we again meet with the arrangement of the 
vomer and intermaxillaries which we found in the Tapir, viz. the vomer is quite uncon- 
nected with the intermaxillaries, and the latter have no traces of mesial-palatine pro- 
cesses. The lateral plates of the intermaxillaries are very well developed, and meet 
each other above and in front of the septal cartilage, as they do in the Horse and the 
Tapir. In the Manati the anterior extremity of the vomer projects beyond the anterior 
margin of the maxillaries; in the Dugong it falls considerably short of it. In the 
Dugong the turbinations of the lateral masses of the ethmoid are very slight ; but their 
framework is strong, and united by ethmovomerine lamince to the vomer (fig. 24). In 
the Manati the lateral masses of the ethmoid are considerably more developed ; they 
also are united to the vomer. 

In the carnivorous Cetacea the vomer is largely developed, and its inferior margin 
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extends back the whole length of the palate. The intermaxillaries prolong the vome- 
rine groove for a greater or less distance according to the genus. The distinctness of the 
central plate of the ethmoid from the vomer is very clearly seen, inasmuch as the former 
terminates abruptly where it becomes continuous with the cartilage in front, while the 
grooved surface of the latter is continued smoothly forwards. In vertical sections of 
skulls of the Dolphin and Grampus in the Museum of this University, although many 
sutures are obliterated, a straight line passing forwards from the inferior margin of the 
presphenoid indicates distinctly the place of contact of the still separate vomer and 
central plate of the ethmoid (fig. 25). The olfactory apparatus and lateral masses of the 
ethmoid are entirely absent ; but the posterior parts of the ala; of the vomer are enor- 
mously expanded to take their plaqp, and pass up on each side of the central plate of 
the ethmoid in front of the frontals, even as far as the nasals, forming the whole poste- 
rior wall of the nares, viz. the whole of that wall which in other Mammals is formed by 
the ethmoid. I notice also in Deductor globiceps that the expanded margin of the vomer, 
with the assistance of an angle of the maxillary, completes for the palate bone its nasal 
foramen (fig. 26). 

Monotremata . — In the Omithorhynchus the inferior margin of the vomer extends 
quite back to the posterior extremity of the hard palate, which is formed by the meeting 
of the pterygoids. In the Echidna it docs not extend back so far. The condition of 
the intermaxillaries in the Omithorhynchus is extremely interesting. The large bones 
which extend forwards from the maxillaries at a considerable distance from one another, 
and which give the form to the broad flat bill, arc beyond all question intermaxillaries, 
and correspond exactly to the intermaxillaries of the Bat, or any other animal in which 
the mesial-palatine processes of these bones are not developed. Utterly unconnected 
with these, in front of the vomer, and continuing on its upper aspect the vomerinp 
groove, is the little bone which has been recognized both by Cuvier and Meckel as 
corresponding with the mesial-palatine processes of intermaxillaries, which it no doubt 
does ; but it is very interesting to find these represented by a bone so distinctly sepa- 
rated from the lateral plates of the intermaxillaries. It leads us to the consideration of 
the remarkable arrangement which exists in cases of cleft palate in the human subject, 
contrasted with the natural arrangement. 

In cases of complete cleft palate in the human subject the inferior margin of the 
vomer is free, and is seen in the middle line of the open roof of the mouth. The inter- 
maxillaries, fused or separate, articulate with its anterior extremity, and continue for- 
wards in the same straight line, and support the incisor teeth when they are developed. 
They are entirely disconnected from the maxillaries, and are developed on the under 
aspect of the septal cartilage, which is a mesial structure ; while the maxillaries are 
developed in lateral laminae which, in these instances, fail to reach the middle line. 
Yet in the normal condition, marvellous as it may appear, the intermaxillary grows 
from the same centre of ossification as the maxillary*, and therefore must be con- 
# Se© on this subject, in the * Comptes Rendus ’ (Deo. 1868 and Jan. 1869), various papers by M. Em. 
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sidered as at least commencing from what had originally been a lateral lamina. On 
the one hand, in the normal condition, the mesial processes of the intermaxillaries are 
obviously present ; and in the cleft-palate condition, on the other hand, there can be no 
doubt that the lateral plates are represented as well as the mesial processes, since the 
incisor teeth are developed on the mesial bone. Thus it is certain that, according as 
the palate is completely closed or remains cleft, the whole intermaxillary — both mesial 
and lateral portion — comes from one or other of two parts which at an early period are 
always quite distinct. This is a fact of great importance. 

Morphological Conclusions respecting the Vomer , Ethmoid , and Intermaxillaries 

in Mammals. 

I had desired that this paper should be as strictly observational and as little theore- 
tical or controversial in its character as might be ; but I find it is impossible, now that 
I have arrived at this point, to refrain from indicating in what direction the observa- 
tions just made appear to tend. I am conscious that by entering on this theme I render 
myself liable to the charge of presumption, in asking to he heard upon matters which 
have been discussed by the greatest authorities. My excuse is, that it is the observa- 
tional part of my subject which compels me into the theoretical : and in venturing an 
opinion upon certain segments of the skull, I shall endeavour to limit myself as much 
as possible to what seem to me to be deductions to which the facts discussed inevitably 
lead ; facts, some of them at least, not hitherto known, or not previously collated, and 
therefore not till now at the disposal of the theorist ; but a knowledge of which, I can- 
not help thinking, is indispensable to the just conception of the segments to which they 
relate. 

I gladly embrace this opportunity of acknowledging my obligations to Professor 
Goodsir for the use of books and specimens placed at my disposal, and for valuable 
information bearing upon topics treated of in this paper; and if, for the reason just 
mentioned, I have taken it upon me to adopt conclusions differing from his in certain 
details (although not more than from those of others), I do not forget that to him 
entirely I owe my morphological training; nor am I the less sensible of the advantage 
which I have enjoyed in being frequently indoctrinated by him in those great principles 
of Morphology which he illustrated in his communications to the British Association in 
185G * 

1. The first proposition which I shall make is, that the whole septum of the nose is 
continued forwards from the line of centra formed by the basilar process of the occipital 
and the bodies of the postsphenoid and presphenoid f . This statement can be best veri- 
fied in some animal in which the body of the presphenoid is more developed than in 

Rousseau, showing that the intermaxillaries are at no period normally separato from the maxillaries ; and 
by M. Lakcheh, showing that in cleft palate they are distinct. 

* Edinburgh New Philosophical Journal, Jan. 1857, pp. 118-181. 

f The embryologies! aspect of this proposition is considered below at page 815. 
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Man. Take, for example, the Cat (fig. 7, B & C). The posterior aspect of the body 
of the presphenoid in the Cat exactly corresponds to the anterior extremity of the 
postsphenoid, presenting an appearance exactly similar to what the body of a vertebra 
exhibits on removal of its epiphyses ; viz. a part in the middle, broad below and narrow 
above, formed by the centrum, and the two superior angles formed by the alee. If we 
look at the same bone from the front, we see plainly that the septum between the sphe- 
noidal sinuses consists entirely of the anterior extremity of the centrum greatly com- 
pressed ; and just as the posterior extremity of the presphenoidal centrum is continuous 
with the postsphenoidal, so is its anterior extremity continuous with the septal cartilage 
of the nose and the central plate of the ethmoid. This continuity is in some respects 
even better seen in the new-born Kitten, as above described. Now we know that, 
morphologically, it is of little importance whether cranial bones are developed in the 
primordial cartilage of the skull, of which the septal cartilage is the remains, or are 
developed round it. The basisphenoid in fishes, for example, is developed round it, 
while in mammals it is developed in it. Therefore the central plate of the ethmoid, 
the vomer, and the mesial processes of the intermaxillaries all claim from their 
position to be centra as much as the basioccipital and basisphenoid. With regard 
to the mesial processes of the intermaxillaries, that they play the part of a centrum 
is shown, not merely by their- constant relation to the septal cartilage, but by their 
articulation with the vomer being of such a description as to make them continuous 
with that bone both on the upper and under aspect, and by their condition in cleft- 
palate. 

2. The vomer, lateral masses of the ethmoid, and palate-bones belong to one segment. 
This seems to be an altogether unavoidable conclusion, from the constant connexion of 
these bones in so invariable a manner. 

What meaning can be attached to the remarkable way in which, in the human sub- 
ject, the vomer and lateral masses of the ethmoid, notwithstanding their altered forms 
and positions, preserve the relations to one another which they exhibit in other animals, 
but that they are members of one segment 1 And how else can we explain that the place 
of the flattened ethmoid and ethmovomerine laminae of the Dugong is occupied in the 
Delphinidae by expansions of the vomer, which both form the posterior walls of the 
nostrils and articulate with the palatals 1 

This conception of the construction of the ethmoidal segment, as well as the reasons 
just mentioned for considering that the mesial-palatine processes of the intermaxillaries 
play the part of a centrum, is at variance with the view of Professor Goodsib, that the 
vomer and the intermaxillaries are members of one “ sclerotome 

Also if the connexions of the vomer and lateral masses of the ethmoid recorded above 
are considered sufficient to prove that these bones are parts of one segment, it will at 
once appear evident that the lateral masses of the ethmoid and the ethmovomerine 
laminee form an incomplete neural arch. In that case we must differ from Professor 

* Op. cit. p. 138. 
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Owen, who considers that the central plate of the ethmoid represents in a coalesced 
condition the prefrontals of the fish or reptile*, and plays the part which we allot 
to the lateral masses in the neural arch of the vomerine segment. It cannot do 
so, for these reasons: 1st, that while the lateral masses of the ethmoid are con- 
tinuous with the vomer, the central plate is never truly continuous, but only con- 
tiguous to the vomer; 2ndly, that the central plate must, for reasons above stated, 
play the part of a centrum ; and 3rdly, that, as Professor Goodsir has shown, Pro- 
fessor Owen’s view is inconsistent with the relation of the olfactory nerves to the central 
plate f . 

3. The frontal and the central plate of the ethmoid belong to one segment. The fact 
of the central plate of the ethmoid having no early connexion with the vomer, as well as 
its tendency to remain distinct even after the vomer and it have come in contact, shows 
that it is not part of the same centrum as the vomer ; therefore, inasmuch as we have 
already concluded that it is a centrum, it can form no part of the vomerine segment. 
On the other hand, the presphenoidal centrum is complete without it. In these circum- 
stances it becomes apparent that the central plate of the ethmoid is the centrum of a 
segment intervening between the vomerine and presphenoidal. This opinion is strength- 
ened by our remembering that in the Sheep the central plate of the ethmoid is anchy- 
losed to the centrum of the presphenoid before uniting with the lateral masses, and that 
in the Hedgehog it appears on the base of the skull for a considerable distance between 
the presphenoid and vomer. The frontal forms the neural arch belonging to this cen- 
trum, and is in constant connexion with it. But if, as above proved, that margin of the 
os planum of the human subject which lies superiorly is morphologically posterior, then 
the margin of the frontal which articulates with it, viz. the inner edge of the orbital 
plate, is morphologically anterior ; and therefore not only the foramen ceecum, as Pro- 
fessor Goodsir believes $, but also the space occupied by the cribriform lamina, lies 
within the arch formed by the frontal and the central plate of the ethmoid. Thus the 
cribriform lamina, which in point of development is a mere lateral expansion of the 
central plate, forms a screen across the entrance into the cavity of the ethmovomerine 
arch in the plane of segmentation, and has no further morphological importance than 
may be supposed to attach to the tentorium cerebelli. By the turning up of its anterior 
extremity to touch the frontals and nasals, the central plate of the ethmoid divides the 
neural arch of the segment to which it belongs, as well as those in front of it, into a 

* Owen ‘ On the Archetype and Homologies of the Vertebrate Skeleton,’ pp. 131 A 135. 

t Op. eit. p. 149. The strength of Professor Goodsir’ s argument rests in this r that, according to Pro- 
fessor Owen’s theory, the olfactory nerves in the mammal are made to lie outside a neural arch, through 
which they pass in the reptile and fish ; which involves the supposition that the points of egress of the olfac- 
tory nerves have been moved in the mammal one segment backwards. A ccording to the theory advanced in 
this communication, although no doubt the bone corresponding to the mammalian central plate of the 
ethmoid passes upwards on the outside of the olfactory nerves, and does not rise up between them, yet in 
both fishes and mammals the olfactory nerves are contained within the neural arch of the segment. 

J Op. cit. p. 142. 
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right and left portion, exactly as the vomer, by a prolongation downwards, divides the 
anterior heeifial arches. 

4. The intermaxillaries, maxillaries, and nasals are the osseous elements of one seg- 
ment. Of this we might find sufficient evidence in their relations in mammals; and 
indeed the proposition does not stand in need of much proof, if it be once considered 
certain that the vomer, lateral masses of the ethmoid, and palatals belong to one 
segment, and that the mesial-palatine processes of the intermaxillaries are the centrum 
of the segment following. But that we may fully understand the parts played by the 
intermaxillaries, maxillaries, and nasals respectively, we must defer our remarks on this 
subject till we have examined the arrangements in other classes. 

We shall now glance for a single moment at the manner in which this explanation of 
the anterior segments of the skull affects the general view of the cranial segmentation. 

That there is an occipital segment, and that the postsphenoid and parietals are por- 
tions of another segment, is generally admitted ; and we have concluded that the frontal 
and central plate of the ethmoid are elements of a third segment. These then are the 
three segments which roof-in the cranial cavity. They are all complete above. Their 
centra are successively smaller in their order from behind ; and the floor of the neural 
arches which they form gradually turns upwards as it passes forwards. 

In front of the occipital segment lie the petrous bones *, and connected with them are 
the organs of hearing. In front of the parietal segment lies the presphenoid, connected 
with which arc the organs of vision. In front of the frontal segment lies the ethmo- 
vomerine segment, and connected with it are the organs of smell. None of the three 
segments connected with the special senses has a complete neural arch. With the most 
posterior of them no centrum is connected ; the second (the presphenoid) has a small 
centrum ; and the most anterior has a larger centrum — the vomer : and the tendency of 
these centra, contrary to the tendency of the centra of the brain-protecting segments, is 
to curve downwards as they pass forwards. Thus there are two alternating sets of sclero- 
tomes, which may be distinguished as the protective and the sensory; while foremost 
of all is an imperfect and peculiar seventh and terminal sclerotome — the facial, which 
may be considered as binding these two sets together. On this seven-segmented plan I 
believe the head to be formed in all vertebrata; and although it be true that in certain 
cases there are no sclerous elements of the cranium developed in connexion with either 
the ear or the eye, these organs are nevertheless themselves portions of. segments lying 
between those in connexion with which the neighbouring protective sclerotomes are 
developed. The upward tendency of the protective, and the downward tendency of, the 
sensory sclerotomes, is not seen at all in the fish, but becomes more and more observable 
as we ascend to reptiles, birds, and mammals ; and is exhibited best of all in man, in 
whose structure the idea of vertebrate creation is completed (fig, 27). 

These few and imperfect remarks have been necessitated by the consideration that no 

# It is unnecessary for the purpose of this argument to discuss the positions of the interparietal, mastoid, 
or squamous. 
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segment of the skull can be properly viewed apart from the others. While on the other 
hand, were I to enter into further details, I should be led far beyond the subject of this 
paper, and such details are not required for the elucidation of the points under con- 
sideration. 

Birds, Reptiles, and Fishes. 

The Vomer and Intermaxillary in the Bird. — There is only one intermaxillary in the 
bird. It sends no mesial processes backwards on the palate. Its lateral plates articu- 
late with the maxillaries exactly as the mammalian intermaxillaries do. Its distinctive 
peculiarity is, that from the place of union of its two halves in front it sends up long 
processes between the nostrils, which reach back to the roof of the skull. These pro- 
cesses close-in the septal cartilage above and in front, exactly as it is closed in by the 
intermaxillaries in the Horse, the Tapir, and the Dugong. If the parts of the inter- 
maxillaries of the Dugong which meet in the middle line were prolonged back to the 
frontal, their arrangement would altogether resemble the intermaxillary of the bird, 
for they are situated as much in front of the nostril as it is. The arrangement also in 
Rhinoceros tichorhinus only differs from the beak of the bird, in that the bones roofing 
the nostrils are prolonged down to the intermaxillaries, instead of the latter passing up 
to the former. The nostrils of the bird, therefore, correspond to those of the mammal, 
and the bones which roof them (ethmoido-frontals of Goodsir) are the nasals. 

Fortunately, opinions are agreed as to which bones are the palatals of the bird. They 
approach each other behind and come in contact in the middle line, and form by their 
junction a grooved surface, which glides backwards and forwards on the basisphenoid. 
But very frequently a small bone (the vomer of Cuvier, Owen, &c., the entopterygoid 
of Goodsir) is intercalated between them, so situated as to furnish a continuation of 
this groove along the inferior edge of the septal cartilage ; and with this little bone the 
palatals articulate edge to edge. It is often absent, as in the Gallinacese, and in 
different birds it presents different shapes : thus it is broad in the Crow, and a vertical 
plate of considerable size in. the Duck (fig. 28) ; and in the Gull and Guillemot, as 
well as in the Albatros, which has it of very large size, it bears a most striking resem- 
blance to the mammalian vomer. That it belongs to the same segment as the palatals 
is as obvious as that the vomer, lateral masses of the ethmoid, and palatals in the 
mammal belong to one segment ; and if that proposition has been proved by the fore- 
going observations, there can be no further doubt that this bone in the bird’s skull is 
the vomer. 

The framework of the lateral masses of the ethmoid of the mammal is not represented 
in the bird ; but the turbinations for the distribution of the olfactory nerves, which in 
the mammal are attached to that framework, are in the bird, when they are ossified, 4 
«,usually in close connexion with the palatals, which are members of the same segment. 
This can be seen in the Gull and in the Albatros. In the Parrot there is an exception 
to the rule. 

If the nasals of the bird correspond with the nasals of the mammal, then the frontals 
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of the bird (sphenoido-frontals of Goodsir) must correspond with the frontals of the 
mammal ; arid indeed they have the same relation to the cranial cavity, and are met, 
like those of .the mammal, by the anterior extremity of a bone belonging to the series 
of centra. But if they are the frontals, then the bone which meets them, viz. the inter- 
orbital plate (prefrontal of Owen), corresponds to the mammalian central plate of the 
ethmoid, at least in the anterior part of its extent *. 

The Vomer in Reptiles and Fishes. — Of the vomer in reptiles and fishes it is not neces- 
sary, for the purposes of this paper^ to say much. If the vomer, palatals, and lateral 
masses of the ethmoid in the mammal form one segment, and if this segment is that to 
which the olfactory nerves belong, then it requires no argument to prove that these 
bones must be respectively represented in reptiles and fishes by the vomer and palatals 
of Cuvier and Owen, and the prefrontals ; for these comply with all the necessary con- 
ditions. The prefrontals and palatals are always in contact, and sometimes, as in the 
Crocodilia, in such a way as to indicate in the strongest manner that they are parts of 
one sclerotome ; while the vomer articulates always with one or other of these two pairs 
of bones, and sometimes with both. Moreover the vomer in reptiles and fishes always 
lies along the inferior margin of the septal cartilage (or middle frontal process of the 
primordial cranium). In reptiles, however, it presents a series of variations. While in 
the Turtle it is a single bone, rind disposed much as in the mammal, except that infe- 
riorly it appears prominently in the palate f , in other reptilia it is in two parts — a right 
and a left. In the Crocodile these parts lie side by side, and inferiorly articulate with 
the palate plates of the palatals, while superiorly they curve outwards and come in con- 
tact edge to edge with the superior extremities of the same bones. On the other hand, 
in the Serpents it is the inferior edges of the vomerine bones which curve outwards. In 
the Lizards they merely come in contact in the middle line ; and in the Batrachia they 
do not even meet. 

If it be asked, what corresponds in reptiles and fishes to the central plate of the 
ethmoid, I reply that it is the interorbital septum. This structure is frequently com- 
pletely ossified in fishes so as to form a single distinct bone ; and, as Professor Goodsir 
has pointed out $, it completes a neural ring with the great frontal. According to the 
theory now advanced, it differs from the central plate of the mammalian ethmoid only 
in that it* stretches outwards and upwards to meet the frontal, instead of the frontal 
stretching downwards, spanning the whole arch to meet it ; and in that it does not pro- 
ject upwards in the middle line so as to divide the arch into lateral halves. 

According to this view the centrum of the frontal segment always lies between the 

* The posterior port of the interorbital plate appears to belong to the presphenoid, as has been pointed 
out by Professor Huxley in his Lecture “ On the Theory of the Vertebrate Skull,” pp. 10 & 11. See Royal 
Society’s Proceedings, Nov. 18, 1858. 

t The vomer appears, however, in the palate of even some mammalia, viz. in certain Cetacea. In JE ly- 
peroodon it even appears at two different places. 

| Op. cit. p. 158. 
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orbits; and the peculiarity of its position in the mammal consists merely in this, — that 
by the curving downwards of the frontal and vomerine neural arches, and the curving 
upwards of the frontal centrum, the latter is entirely concealed by the former. 

The Intermaxillaries in Reptiles and Osseous Fishes. — We now approach a most inter- 
esting series of intermaxillaries, which afford the clue to the explanation of the segment 
to which these bones belong. In the Crocodiles the arrangement of the intermaxil- 
laries is like that in the mammalia, but by the great elongation of the maxillaries they 
are far removed from the vomerine bones. The articulation of their anterior extremi- 
ties is like that in the Horse ; they pass up in front of the septal cartilage and close it 
in. In the Chelonians the nasals are absent ; and the intermaxillaries are united into a 
single bone, which is placed between the anterior extremities of the maxillaries, and in 
the Tortoise articulates with the vomer. From the Chelonians we pass to the Lizards, 
and in them also we find the intermaxillaiv single and articulating with the anterior 
extremities of the maxillaries ; but it differs from the chelonian intermaxillary by send- 
ing upwards and backwards in the middle line a process to articulate with the nasals, 
which corresponds to the processes projected upwards by the intermaxillary of the bird, 
and which is often the most developed part of the bone. In Varanus and others the 
nasals are represented by a single bone. 

In the Serpents we again meet with a single intermaxillary which articulates in the 
middle line with the nasals ; and as it is but loosely connected with the maxillaries, and 
forms the anterior extremity of the line of centra, it puts one strongly in mind of the 
arrangement in cases of cleft-palate in the human subject. 

It greatly resembles also another bone, viz. the nasal in fishes (nasal of Owen - ) ; and 
the resemblance consists in this, that, like the reptilian intermaxillary, the nasal of the 
fish, when present, forms the anterior member of the series of centra. 

Sometimes this relation of the nasal in fishes is very much disguised by the thicken- 
ing of the vomer which takes place in connexion with the development of vomerine 
teeth, — a thickening which gives to the vomer the appearance of projecting downwards, 
and which often looks as if it formed the termination of the line of centra, while the 
extremity of the nasal appears to be situated altogether above that line. This is the 
case, for example, in the Cod ; but when, in the fresh state, a vertical section is made 
through the nasal and vomer, it is seen that, not the vomer, but the extrentity of the 
nasal bounds anteriorly the cartilaginous bar of the base of the skull (fig. 29). There 
is, in addition, a nodule of cartilage * attached in front of the nasal, in the Cod and 
many other fishes, which seems to be a portion of that bar, separated from the main 
part by the interruption of the nasal. But that the nasal lies in the line of centra is 
best seen in some of the fishes which have no vomerine teeth. It is beautifully seen in< 
Malapterurus, in which the whole shape of the nasal singularly resembles the inter- 
maxillary of Boa or Python (fig. 30). 

One might well believe from its relation to the line of centra that the nasal of the fish 
# Recognized as the vomer by Professor Goodsib, op. eit. p. 140. 
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was the true intermaxillary, were it not that the bones universally acknowledged as inter- 
maxillaries in the fish have claims to the name which cannot be set aside, inasmuch as 
a complete chain of forms of intermaxillaries, of which they form one link, can be traced 
from reptiles to fishes through the Batrachia. The position therefore which I maintain 
is this, that in the sclerotome formed by the nasals, intermaxillaries, and maxillaries, 
when the centrum is represented by a bony formation, it is derived in mammals, birds, 
and reptiles from the intermaxillaries, and in fishes from the nasal : the Ornithorliynchus 
being the only animal, as far as I know, in which it is a separate bone. 

If it be repugnant to any preconceived notion to believe that the same morphological 
element (the centrum) can be derived in one instance from one developmental element, 
and in another instance from a different one in the same segment, we have only to keep 
in memory the exactly analogous instance of the intermaxillaries in the human subject, 
which usually arise from the maxillaries, and yet in certain conditions of development 
take origin in connexion with the septal cartilage (see above, p. 303). 

To return to the series of forms of intermaxillaries in reptiles and fishes : the inter- 
maxillaries of the Frog are two small bones articulating with one another in the middle 
line, and externally with the anterior extremities of the elongated maxillaries; they 
give off processes towards the nasals, and very slight mesial-palatine processes. Exactly 
in the same way do the intermaxillaries of the Salmon articulate with one another, and 
with the maxillaries ; the only difference being that the maxillaries hang downwards 
instead of being directed horizontally backwards. In most fishes the intermaxillaries 
have superior mesial processes, which pass backwards over the nasal, and evidently 
correspond with the superior mesial processes in frogs, lizards, and birds. Frequently, 
as in the Cod, the maxillaries and intermaxillaries are so loosely connected, that the 
idea is given of two separate arches ; but, on the other hand, it is to be remembered 
that not only is this looseness of connexion (considered apart from the question of deve- 
lopment, to be afterwards noticed) no reason why they may not be members of one 
segment, but also that the intermaxillaries are always in contact with one another in 
the middle line, while the maxillaries are not so ; that the arrangement is often such as 
hris just been mentioned as existing in the Salmon ; and that sometimes the maxillary 
and intermaxillary are even more closely soldered into one arch, of which the inter- 
maxillary forms the proximal, the maxillary the distal part. 

Morphological Conclusions respecting the Construction of the Facial Segment 

throughout the Vertehrata. 

Ere endeavouring to discover from the above data in what precise manner the maxil- 
«laries, intermaxillaries, and nasals unite to form the facial sclerotome, it will be well to 
state distinctly that they cannot be considered as forming in the mammal a continuous 
neural ring behind the nostrils, however tempting at first sight that idea may appear; 
for such an hypothesis would render inexplicable the union of the intermaxillaries above 
the anterior extremity of the septal cartilage, which occurs in the Dugong, Tapir, &c., 
besides that it could not be applied to other than mammalian forms. 
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The real constitution of the facial segment will become evident if we consider the 
series of appearances assumed by it, passing upwards from the fish. In the fish the 
intermaxillaries and maxillaries hanging downwards form a sufficiently evident incomplete 
haemal arch ; while the ideal cylinder formed by the series of neural arches is brought 
to a close in front by the nasal, which rests, like the nasals in the other classes, upon 
the cartilage in connexion with which the centra are developed ; and when the centrum 
of this sclerotome is represented by a plate of bone, it is a process of the nasal which 
represents it. Obviously the nostril of the fish lies behind the facial segment, for both 
the intermaxillaries and maxillaries lie in front of the nostril (fig. 31). 

The facial segment of the Frog differs from that of the fish in that the maxillaries are 
directed horizontally backwards, and come in contact with bones behind ; and in that 
the centrum of the segment is represented by a process derived, not from the nasals, but 
from the intermaxillaries. Further, the nasals of the Frog differ from the nasal of the 
fish in being expanded to protect the nostrils, like those of most reptilia, birds, and 
mammals. The exact signification of this expansion we shall consider anon. 

The relation of the nostril of the Frog to the facial segment is the same as in the 
fish, but inasmuch as it communicates with the mucous surface, and this communication 
lies between the maxillary and the palatal, we can now see distinctly that the nostril 
is a passage lying between the segments to which these bones belong, — what has been 
named by Professor Goodsir a “ metasomatomic” opening*. 

In lizards, serpents, and birds the facial sclerotome is constituted as in the Frog ; and 
the haemal arch has still, as in the Frog, its distal extremities directed backwards instead 
of downwards. According to this view the suporior mesial processes of the intermaxil- 
laries are to be considered morphologically as projecting not so much upwards as back- 
wards, and as lying above the nostrils, while the haemal arch lies in front of the 
nostrils. 

Lastly, in the mammalia, by the union of the palate plates of the maxillaries the 
haemal arch is completed, and the ring of bone which surrounds the incisive foramina is 
the anterior extremity of the ideal cylinder formed by the series of haemal arches 
(fig. 27). This is best conceived of by looking at this ring in the Hare or the Rabbit. 
There we see the single incisive foramen bounded in the middle line in front by the 
mesial-palatine processes of the intermaxillaries, while extending backwards from them 
is the haemal arch formed by intermaxillaries and maxillaries exactly as in other classes, 
except that it is complete. 

The fact that in certain mammals the intermaxillaries limit the anterior extremity- of 
the septal cartilage as much as they do in birds and lizards, embracing it at a point 
morphologically anterior to the nostrils, appears to me to prove that this is the true 
explanation of the facial sclerotome in the mammalia, and that the nostrils throughout 
the vertebrata are intersegmental openings lying between the two most anterior segments 
of the skull. 

* To Professor Goodsir we are also indobted for the terms M sclerotome, myotome,*' Ac. an d other addi- 
tions to explicit morphological nomenclature. 
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If these conclusions are correct, the connexion of the nasals with the intermaxillaries 
and maxillaries behind the nostrils, although so constant, is of altogether secondary 
morphological importance. But it is undeniable that by the great extent of this con- 
nexion in mammals, and by the non-development, in most of them, of any part of the 
intermaxillaries above the septal cartilage, and the separation of the nasals from the 
intermaxillaries in the middle line, where in birds and lizards they come in contact, 
there is a marked attempt, so to speak, on the part of Nature to convert the nasals, inter- 
maxillaries, and maxillaries of the mammal into a neural arch behind the nostrils. This 
tendency reaches its maximum in the human skull, in which the hcemal ring . of the 
facial sclerotome has almost, if not altogether, disappeared, and the whole bulk of the 
elements of the haemal arch may be said to be devoted to the formation of what we may 
call the pseudo-arch behind the nostrils. It may be described as an effort to open up 
the closed extremity of the neural cylinder, and at the same time to close the open 
extremity of the haemal cylinder*. 

Still, however, the morphological interpretation of the mammalian nostrils is that 
they are intersegmental clefts. They arc similar clefts to those in which the eye and 
ear are developed ; and the alar cartilages pass round the olfactory clefts exactly as the 
tarsal cartilages pass round the optic clefts, and the pinna pf the ear and the tympanic 
bone round the auditory clefts. • 

Thus these structures are morphologically as well as functionally comparable; they 
encircle openings which pass from the dermal to the mucous surface, and which prima- 
rily lie in the transverse plane ; although in Mammalia the malar, which belongs to the 
facial segment f, passes backwards and* sends up a process behind the orbit, and, in a 
similar manner, the intermaxillary and maxillary send up processes behind the nostril. 
That these processes, however, are not situated so entirely behind the nostril as might 
on first thoughts be supposed, will be perceived if we take into consideration that the 
arch formed by the intermaxillaries and maxillaries lies in the plane of the palate, and 
that processes pointing upwards at right angles to that plane are therefore directed 
ideally backwards. Thus the nasal process of the maxillary is ideally inferior to the 
nostril, in the same way as we have seen that the superior mesial process of the inter- 
maxillary of the bird or lizard is ideally superior to the nostril. 

Let it not be supposed that such a structure as the trunk of the Elephant presents 
any obstacle to the theory of the nostrils here offered. The fusion in the middle line of 
structures undoubtedly lateral in their ideal position is well exemplified in cases of sym- 
podia ; and in those monsters in which the head is only developed as far forwards as the 
ears, the pinnse of the ears are united at their bases, forming a short tube* 

* If #e take into consideration that the facial segment is the segment especially engaged in expres- 
sion, I think that I shall not be considered too fanciful in saying that the gradual closing of the haemal 
cylinder and opening of the neural cylinder by the disposition of the bones of the facial segment is in 
harmony with the increasing development of innervation from fishes up to man. 

t This statement, made in passing, is illustrated by the attachment to the maxillarieB alone of the largely 
developed malars of the Sloth family and of the vestigea of malars in Myrmecophaga. 
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With regard to the nasals : to understand the exact morphological part which is played 
by* them, we must have recourse to embryology. The only theory of the segmentation 
of the skull, as far as I know, in which the teachings of embryology have been taken into 
account and been sought to be explained, is that of Professor Goodsir. He is of opinion 
that the maxillaries are developed, not, as has been supposed, in the maxillary lobes, but 
in the lateral frontal processes of Reich art*; and certainly, if the maxillary lobes are 
homotypic with the pair of visceral lamina? behind them, this hypothesis presents the 
only escape from a most serious difficulty ; for, while the maxillary lobe arises from 
behind, the eye, all theories agree in representing the maxillary bone as belonging to 
a segment in front of the eye. But although it is with the utmost diffidence that I 
would express an opinion differing from Professor Goodsir’s, I take courage to do so in 
the present instance, inasmuch as his view does not agree with the conclusions arrived 
at above from the consideration of adult forms, and because, from observations made on 
embryo lambs, I am convinced that embryologists have been right in considering that 
the maxillary bones are developed from the maxillary lobes. I believe that the true 
solution, and that which will be found to explain all the phenomena, is this ; that the 
cleft between the maxillary lobe of the embryo and the lateral frontal process is not 
transverse in position, but longitudinal ; that it does not separate an anterior from a 
posterior segment, but that it divides the inferior elements of more than one segment 
from the corresponding superior elements. It will be observed that if the maxillary 
bone belongs to a segment in front of the eye, and if it is really developed from the 
maxillary lobe, it follows as a necessary consequence that the nature of the cleft between 
the maxillary lobe and lateral frontal process is as now stated. For on one side of the 
cleft is the blastema in which the palatal and maxillary afterwards appear, while on the 
other side is that in which appear the frontal and nasal, and doubtless also the lateral 
mass of the ethmoid. Moreover, this idea of the fusion of segments by longitudinal 
cleft is by no means an unwarranted assumption, as may possibly be alleged. In sup- 
port of it we observe, — 

1st. The maxillary lobe, as it grows, runs alongside of the lateral frontal and middle 
frontal processes, and does not strike out at right angles to them. 

2nd. The permanent severance of the pterygoid of the fish from the base of the skull 
is an instance of longitudinal fission of at least one sclerotome, remaining throughout life. 

3rd. The hypothesis of fission of segments by longitudinal clefts is necessary to 
explain the peculiar condition of the elements of the face in cartilaginous fishes, if the 
head is to be considered as segmented at all ; for no one can suppose that the upper jaw 
of the cartilaginous fish, and the parts which unite it to the skull, are all parts of one 
segment. According to my hypothesis, the condition is merely an arrestment qf deve- 
lopment; for I judge from the maxillary lobe in mammals being originally separate 
from the superior parts of the face, and afterwards united to them, that longitudinal 
fission is a symptom of* degeneration at the extremity of the series of segments, which 

• Op. cit. p. 120. 
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tends to disappear as the segments involved become more fully developed* * * § . I believe, 
therefore, that the palatals and maxillaries combine to form the upper jaw of the 
cartilaginous fish (as may be seen to advantage in the Sturgeon), and that the extremity 
of the snout represents the intermaxillary f ; and that thus, for example, the weapon 
borne by the Sawfish is an intermaxillary bearing teeth. Among mammals, to a cer- 
tain extent similar is the arrangement in Cyclopian monsters : the nose is represented in 
them by a proboscis above the single eye, and the maxillary forms no superior con- 
nexion in front of the eye. 

4th. Tendency to longitudinal fission of the anterior cranial segments is exhibited in 
the permanent duplicity, in many animals, of the vomer and of the intermaxillaries ; also 
in the compression of the septum of the nose, and separation of the segments into two 
alternating sets, as above described. Moreover, the flattening at the base of the skull 
of the substance surrounding the chorda dorsalis, and its division into two trabeculae 
where the chorda ceases, are phenomena, as it appears to me, indicating the same 
thing; and in this last case also the divided parts unite as development proceeds $. 

In deference to the opinions of Professor Huxley §, I may here state that I cannot 
think that the cessation of the notochord is proof of the immediate cessation of segmenta- 
tion. The keenest advocate of the segmentation of the cranium will admit that in the 
face the segment or segments are of a degenerated description. So are those at the 
caudal extremity. But while in the caudal segments the arches degenerate before the 
centra, in the cranium the centra degenerate very soon. It is in harmony with this 
that the chorda dorsalis is one of the first elements to disappear in the cranial segments ; 
while the division of the basis cranii into trabeculae is to be accounted for in the way 
above shown || . 

* In this respect longitudinal and intersegments! fissures resemble one another. The parts of the embryo 
which are developed in immediate contact with the cavity of the ovum, and in which the great systems are 
fully represented, viz. the thorax and abdomen, are those in which the various tissues, the*osscous, muscular, 
nervous, and vascular, ultimately exhibit the most complete segmentation ; but it is only in the head and 
neck — an extremity of the embryo in which the systems are not typically developed, (and there it is only in 
the visceral walls, which have in the head and neck the most rudimentary development,) — that segments are 
for a time partially separated by fissures of the blastema. These intersegmental fissures are directly con- 
nected with the rudimentary condition of the parts which they separate, and disappear as the latter become 
more fully developed ; and I have wished in the text to indicate that that also is the case with longitudinal 
fissures. 

t At least that part of the intermaxillary which, as above shown, is in osseous fishes combined with the 
nasal. * 

X The foramen in the basioccipital of Phoca vitulina is doubtless a phenomenon of the same description! 

§ Op. eit. p. 52. 

|| In justification of the plan pursued in this communication, in which the main argument is drawn from 
comparative anatomy and then shown to be in accordance with development, I shall here state why I 
cannot go so far as to concur in Professor Huxley's doctrine (op. eit. p. 5), that “the study of the grada- 
tions of structure presented by a series of living beings may have the utmolt value in suggesting homo- 
logies, but the study of development alone can finally demonstrate them.” Were that doctrine true, it 

2 U 2 
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Conceiving, then, the development of the anterior part of the cranium to take place 
in the manner above stated, I consider that the nasals have the same relation to the 
segment to which they belong as the frontal has to its segment, inasmuch as they are 
continuous in position with the frontal, except in those lower vertebrata in which the 
prefrontals complete a well-developed intervening arch. They are more closely con- 
nected with the corresponding elements behind them than with the remaining elements 
of their own segment, as a natural consequence of the fission of segments. And now it 
will be understood how it is that the nasals are often so far sundered from the inter- 
maxillaries: it is, that the preceding segment having a very elongated centrum (the 
vomer) and a very imperfect neural arch (the lateral masses of the ethmoid), the inter- 
maxillaries are projected forwards in front of the vomer, while the nasals cling behind 
to the frontals. 

With respect to the expanded form of the nasals in many reptiles, in birds, and in 
mammals, I apprehend that they are not to be considered as spreading downwards to 
form an imperfect arch of the neural series, but as spreading outwards to protect two 
interscgmental passages ; for it is the nostrils, and not, in any sense, a continuation of 
the cranial cavity, which they protect. This will be best understood by looking at the 
Frog’s skull, in which the osseous cranial cavity is closed-in at the fore part of the pre- 
frontals, and the neural arch of the segment in front is reduced to zero, the position 
where it exists in certain fishes being represented in the Frog by the line of junction of 
the nasals with one another and with the mesial cartilage below; while the expansions 
of the nasals over the nostrils are like the projections outwards of two transverse pro- 
cesses, and are strictly similar to those elongated projections of the frontals which roof-in 

would be impossible finally to demonstrate the correspondence of any two structures in different animals, 
since we do not see one developed out of the other. But, on the contrary, there is a vast number of 
such correspondences so plainly obvious as to need no demonstration. That which makes these corre- 
spondences so evident is simply the comparison of the bones ; and it is the business of the anatomist, 
in cases of correspondence less obvious, to submit the structures which he compares to a careful scrutiny, 
until, by minute examination of their relations, and determining what is constant and what is variable, 
he is able to give a certain judgment upon points which appear to the uninitiated eye obscure. But if 
the prosecution of such researches renders certain the correspondence of a number of elements in different 
animals, will not the light thrown by the varied relations of these elements upon the laws which regulate 
their arrangement furnish as certain and secure data on which to build as can bo obtained from the use 
of any scientific instrument whatever ? It has not been the instruments used, but the manner in which 
they have been handled, that has led to the discrepancies of morphological theories. I have an interest to 
insist on this matter, because it is impossible that the questions discussed in the present communication, can 
be settled by embryological evidence, for these reasons : viz. the maximum segmentation of the cranium is 
found, not in the embryo, but at the period of most characteristic development of the bones composing it; 
and the whole history of the sclerotomes to whose elucidation this communication is devoted is not given 
in any single species ; but, on the contrary, were we to search in the mammal for the stages illustrated in 
the structure of fishes, we should find that at tho period at which these stages would fall due to be repre- 
sented, there is as yet no differentiation of tissues, and the osseous system whose history wo seek to trace 
has not begun to appear. 
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the orbits in Whales. In other animals the arrangement is perhaps not so distinct, 
and there may be a difficulty, especially in mammals, to determine if the nasals do not, 
in part, at least, form a continuation of the roof of the cranial cavity ; for in them the 
neural arch of the ethmoidal sclerotome is, as we have seen, a continuation of that 
cavity, and is open in front. But, inasmuch as in the mammal the olfactory-sense cap- 
sules are withdrawn into the interior of the ethmoidal neural arch, the cranial cavity is 
closed in by soft parts at a point posterior to the nasals ; and I therefore incline to think 
that the nasals, protecting in this, as in other cases, the nostrils, are, like those of the 
Frog, similar in nature to the orbital processes of the cetacean frontals. 

Note. — Since writing the above, I have deemed that it would be advisable to add here 
some further details as to the morphological structure of the cranium in the mammal, 
even though it is impossible in this place to give the arguments on which these details 
are founded. The descending process of the occipital bone, the mastoid, the squamous, 
the external angular process of the frontal, and the lacrymal are serially corresponding 
structures, belonging respectively to the occipital, petrous, parietal, frontal, and ethmo- 
vomerine segments, and tending to project from their neural arches. There are no 
haemal arches in connexion with the protective segments. Into the composition of the 
haemal arch of the petrous segment enter the styloid processes, the stylohyoid liga- 
ments, and the small cornua of the hyoid ; while the great cornua of the hyoid belong 
not only to a segment behind, but to the true splanchnic skeleton ; that is to say, to 
the series of sclerous structures internal to the primary vascular arches, and which are 
best developed in the branchial arches of fishes. The other haemal arches are, as has 
been stated, the pterygoid, palatal, and maxillary, belonging respectively to the pre- 
sphenoid, ethmovomerine, and facial segments. The maxillary arch, having assumed in 
the mammal as much as possible the aspect of a neural arch, as has been above explained, 
although in reality haemal, has a bone radiating from it — the malar, which tends to form 
connexions with the bones radiating from the neural arches behind, viz. with the lacry- 
mal, external angular process of the frontals, and the squamous. The lower jaw is not 
a haemal arch at all ; that is to say, it is not an arch belonging to a single segment and 
corresponding to the palate-bones, or to a pair of ribs, but is a limb-arch. For I hold 
that Professor Goodsir has distinctly shown that the shoulder-girdle and pelvic girdle 
are not rib-arches, and that limbs do not belong merely to single segments ; but seeing, 
on the other hand, that these girdles pursue an arched direction, I conceive that they 
are to be considered as arches external to the series of rib-arches, and supporting radia- 
tions, just as rib-arches sometimes do. Such a limb-arch is the lower jaw; but the 
visceral laminae being very imperfect in the head, it is intimately connected with arches 
bounding the haemal cavity. In the fish it supports Extensive radiations, viz. the oper- 
cular apparatus, but in the mammal it bears no radiations. The quadrate jugal in the 
bird has every appearance of being a radiation homologous to the operculum ; for not 
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the quadrate jugal, but the bone called mastoid by Professor Owen, corresponds to the 
mammalian squamous. The quadrate bone of the bird has been abundantly proved to 
correspond to the incus of the mammal. The elements of the limb-arch are the incus, 
malleus, and lower jaw; and its superior member, the incus, is, throughout the vertebrate 
series, connected with the mastoid and squamous bones. As for the stapes, it is a radia- 
tion of the petrous sclerotome, and corresponds to the structure which supports the eye 
of the Shark, and to the ethmoidal turbinations in the presphenoidal and ethmovomerine 
sclerotomes. While, on the one hand, the rib-arches belong to the individual segments 
of the body, on the other there are three limb-arches, corresponding to the three great 
regions of the body : one for the head — the region in which the highest development of 
organs of animal life takes place ; one for the cervical region — the region in which is 
the highest development of the vascular organs ; and one for the abdomen — the region 
in which the greatest development is found of organs of vegetable life. 


Explanation op the Plates. 

PLATES IV. & V. 

Fig. 1. Bones from specimen referred to in the text as No. 1. 

A. The vomer, ethmoid, sphenoidal spongy bones, and left palate and maxil- 
lary bones, from the skull of an infant, slightly enlarged, and viewed from 
behind ; — a , orbital plate of the ethmoid ; b, posterior extremity of the vomer ; 
c, sphenoidal process of the palate-bone ; d, orbital surface of the palate-bone, 
and, immediately above it, the orbital portion of the sphenoidal spongy bone : 
between the two processes of the palate-bone is the spheno-palatine foramen, 
completed above by the inferior portion of the sphenoidal spongy bone:. 
e , the superior portion of the sphenoidal spongy bone ; f, inferior portion. 

B. Another view taken from the same specimen : — a, b, c, the parts of the infe- 
rior margin of the vomer which articulate with the palate, maxillary, and 
intermaxillary bones respectively ; d , inferior aspect of the sphenoidal spongy 
bone ; e, orbital plate of the ethmoid, seen in perspective ; f, inferior turbi- 
nated process of the ethmoid. 

Fig. 2. Bones from specimen referred to in the text as No. 2. 

A. Ethmoid, with sphenoidal spongy bones attached : — cribriform plate ; 
b j os planum; c, superior portions of the sphenoidal spongy bones, with 
space between them for the body of the presphenoid ; e, e , orbital portions ; 
/,/, inferior portions. 

B. Sphenoid : — o, body of postsphenoid ; b, body of presphenoid. 

Fig. 3. Bones from specimen referred to in the text as No. 3. 

A : — a, part of the orbital 'plate of the frontal ; b, os planum i c, presphenoid ; 
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d, external pterygoid plate ; e , palate-bone ; f, orbital surface of sphenoidal 
spongy bone; g, the space between the orbital and sphenoidal processes of 
the palate-bone, bridged over by the sphenoidal spongy bone. 

B and C. Left sphenoidal spongy bone ; viewed in B from its external, and in 
C from its superior aspect : — a , superior portion ; b, orbital portion ; c, infe- 
rior portion. 

Fig. 4. A. Vomer, with the portions of the palate, maxillary, and intermaxillary bones 
with which it was articulated : — a, the process which rests upon the inter- 
maxillarics ; #, the process which descends behind the intermaxillaries. 

B. Vomer from a foetus : — a, b, c, the margins for articulation with the palate, 
maxillary, and intermaxillary bones respectively. 

Fig. 5. Diagram of the vomer, ethmoid, and sphenoidal spongy bones of the human 
subject, with the vomer and ethmoid of the Sheep represented in dotted lines. 
The superior edge a of the human ethmoid corresponds to the edge a' of 
the Sheep’s ethmoid ; while c is the sphenoidal spongy bone rendered neces- 
sary in the human subject to fill up the space between V and b. 

Fig. 6. A. Posterior extremity of the vomer in the Orang. 

B. The same in the Chimpanzee. 

C. The same in the Gorilla. 

Fig. 7. Bones from the Cat. 

A. Vomer and ethmoid seen from below: — a, margin of vomer for articulation 
with the maxillaries ; b, b, ethmovomerine laminae. 

B and C. Views of the presphenoid from the front and from behind. 

D. Portion of base of skull of a new-born kitten : — a , intermaxillaries ; b , vomer ; 
c, presphenoidal centrum; d, postsphenoidal centrum; «, basioccipital ; f, 
ethmoidal turbinations ; g, pterygoid ; A, tympanic. 

Fig. 8. Vomer and ethmoid of the Fox : — a, ethmovomerine laminae ; b, margin of vomer 
for articulation with the maxillaries and palatals ; c, margin for articulation 
with the intermaxillaries ; d , groove corresponding to the upper part of the 
nasal foramen of the palate-bone. 

Fig. 9. Intermaxillaries of Ursus maritimus. 

A. Inferior aspect. 

B. Superior aspect : — a , maxillary ; b, mesial-palatine process of intermaxillary ; 
c, incisive foramen ; d, foramen peculiarly ursine ; 0 , vomer. 

Fig. 10. Vomer and ethmoid of Phoca vitulina : — a, vomerine groove ; b, lateral mass of 
the ethmoid ; c, central plate ; d, expanded superior margin of central plate. 

Fig. 11. Part of the skull of the Hedgehog: — a, frontal; b, nasals; c, left intermax- 
illary ; d, vomer, with right ethmovomerine lamina removed ; e, flat inferior 
margin of the central plate of the ethmoid ; f, presphenoid ; g, groove on the 
left ethmovomerine lamina corresponding to the nasal foramen of the palate- 
bone. 
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Fig. 12. The vomer and lateral masses of the ethmoid of the Lamb, seen from below : — 
a, the inferior margin of the vomer, rough posteriorly for articulation with 
the maxillaries, and smooth anteriorly where it comes in contact with the 
intermaxillaries ; b, b, the grooves which complete the nasal foramina of the 
palate-bones. The spaces between these grooves and the margins of the 
vomer represent the ethmovomerine laminae ; and on the outer aspects of the 
grooves are the small orbital surfaces of the ethmoid. 

Fig. 13. Intermaxillaries of the Sheep: — a , a, incisive foramina; b, b , portions of the 
maxillaries ; c, space for the anterior extremity of the septal cartilage. 

Fig. 14. Intermaxillaries of the Alpaca. Letters as in fig. 13. 

Fig. 15. Intermaxillaries of the Giraffe. Letters as in fig. 13. 

Fig. 16. Part of the skull of the Horse: — a, vomer (the anterior half removed); b, part 
of the palate-bone; c, part of the pterygoid; d, ethmovomerine lamina; 
e, nasal foramen of the palate-bone. 

Fig. 17. Section of the fore part of the skull of the Horse : — a, fore part of the vomer, 
resting on the maxillaries, and articulating in front with the intermaxillaries ; 

b, incisive foramen; c, cul-de-sac for the anterior extremity of the septal 
cartilage. 

Fig. 18. Yomer, &c. from the skull of the sucking Pig: — a, presphenoid; b, portion of 
the vomer which rests on the intermaxillaries ; c, ethmovomerine lamina and 
part of the ethmoid ; d, various distinct ossifications belonging to the ethmoid. 

Fig. 19. Yomer, &c. of the young Elephant : — a, b, surfaces by which the intermaxillary 
and maxillary come in contact with their fellows of the opposite side; 

c, incisive foramen ; d, e, processes of the vomer, by which its inferior and 
superior margins are made continuous with the corresponding margins of the 
intermaxillaries. 

Fig. 20. Anterior nares of the Tapir : — a, vomer ; b , maxillary ; <?, palate-plate of max- 
illary ; <?, intermaxillary ; e, foramen corresponding to both incisive foramina 
and the space for the point of the septal cartilage in the Camel &c. ; f, lateral 
mass of the ethmoid ; y, expanded superior margin of the central plate of the 
ethmoid ; h, united nasals. 

Fig. 21. Part of the skull of Ccelogenys : — a , b, mesial borders of the maxillary and inter- 
maxillary; c, vomer. 

Fig. 22. View of the articulations of the vomer in the Rabbit. Above are the vomer 
and ethmoid forming one bone. Beneath are the bones of the upper jaw of 
the left side, and a portion of the intermaxillary of the right side adherent : — 
a, anterior extremity of the vomer grooved for the cartilaginous septum of thS 
nose ; b, the part of the vomer which articulates with c, the extremity of the 
expanded mesial processes of the intermaxillaries forming turbinations in 
connexion with Jacobson’s organ. 

Fig. 23. Part of the skull of the Kangaroo : — a, presphenoid; b, frontal; c, ethmovome- 
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rine lamina ; d, nasals ; e , central plate of the ethmoid ; f, lateral ridge of the 
vomer peculiar to marsupiate animals. 

Fig. 24. Part of the skull of the Dugong : — a, frontal; A, intermaxillary; c, vomer; 

d, maxillary ; e, e, palatals ; f,f, ethmovomerine laminae and lateral masses of 
the ethmoid. . 

Fig. 25. Section of skull of Deljphinus orca : — a , intermaxillary ; b , maxillary ; c, c, vomer ; 

d, palatal ; e, central plate of the ethmoid. 

Fig. 26. Skull of Delphinus globiceps from above ; — a, intermaxillary ; 5, 5, maxillary ; 

c, palatal ; d, pterygoid ; e, nasal foramen of palate-bone ; /*, central plate of 
the ethmoid ; g y expansion of the ala of the vomer ; A, the part of the frontal 
which would have been concealed by the nasal, had not that bone been 
removed. 

Fig. 27. Diagram of the two most anterior segments of the mammalian skull, and of the 
neural arches of the other segments. The dotted part represents the extent 
of the septal cartilage. The centra are darkened. Two dotted lines and 
arrowheads show the direction of the anterior haemal arches: — a , occipital 
segment ; 6, auditory segment ; c, sphenoparietal segment ; d, optic segment ; 

e, frontal bone ; f, central plate of the ethmoid ; g, lateral mass of the ethmoid ; 
A, vomer; i, palatal; A, nasal; m, intermaxillary; n, maxillary. 

Fig. 28. Vomer and palatals of the Duck, viewed from above. 

Fig. 29. A. Section of the skull of the Cod. The cranial cavity is represented dark ; 

the cut surfaces of bones are marked with oblique lines, and the cartilages 
are left white, while the interorbital septum is dotted: — a, intermaxillary; 
A, vomer; c, basisphenoid ; d, basioccipital ; e, nasal; f, frontal; g> supra- 
occipital. 

B. A similar section through the nasal and vomer, after the cartilage has been 
removed : — b, vomer ; e y nasal ; A, prefrontal. 

Fig. 30. A. Intermaxillary and vomer of Python : — a, intermaxillary ; A, vomer. 

B. Nasal and vomer of Malapterurus : — a , nasal ; A, vomer. 

Fig. 31. Diagram of the two most anterior segments of the skull of the fish : — a, pre- 
frontal ; A, vomer ; c, palatal ; d, nasal ; e, intermaxillary ; f, maxillary ; g, a 
dotted circle indicating the position of the nostril. The centra are darkened. 
The dotted lines and arrowheads show the direction of the haemal arches. 
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XVII. On the Properties of Electro-deposited Antimony (concluded). By G. Gore, Esq. 
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Second variety of active Electro-deposited Antimony. 

92. In addition to the variety of electro-deposited antimony obtained from a solution of 
teroxide of antimony and hydrochloric acid, a second variety may be obtained from a 
solution of terbromide of antimony in the following manner. 

93. Dissolve one part of teroxide of antimony in 10 parts of hydrobromic acid of 
sp. gr. about 1*3, filter the solution through a funnel loosely plugged with asbestus, and 
electrolyse it by means of three Smee’s elements and an anode of antimony in the usual 
manner, at a speed of deposition of about 3 to 5 grains per square inch per hour. The 
exact proportion, of the ingredients of the solution is not a matter of great importance. 

94. The electrolytic conduction is free, and a coherent metallic deposit is quickly 
obtained. The deposit, when thin, is occasionally quite bright and black, and very similar 
in appearance to that obtained in the chloride solution, but generally it is of a much 
lighter colour and quite dull in aspect ; it is at first scaly, exhibiting the unequal cohe- 
sive action already described (17.), but in a less degree than the first variety, and emitting 
but slightly audible crackling sounds during its formation. During the process of depo- 
sition solitary bubbles of gas occasionally adhere to the receiving surface, and cause deep 
conical holes in the deposit, especially if the solution is not sufficiently dilute; in 
escaping, these bubbles sometimes emit a chirping sound ; in some instances the holes 
were so numerous as to give to the substance the appearance of a metallic sponge. 

95. The deposited substance is firm and moderately hard, but rather less so than that 
formed in the chloride solution; its fractured surface has also a bright metallic lustre 
similar to that of the first variety. The specific gravity of two specimens was 5 ‘415 and 
6*472 at 60° Fahr. 

96. By contact with a red-Hot wire, it exhibits a similar molecular and thermic change 
to that manifested by the chloride variety (19.). A piece £th of an inch thick, at 60° Fahr., 
touched by a red-hot wire, exhibited strong molecular action at the points touched, but 
the action did not spread throughout the mass. A second similar piece, heated to about 
500° Fahr. in a porcelain capsule upon the surface of boiling water, when touched by 
the heated wire manifested stronger and more extended change, but did not discharge 
the whole of its heat except by numerous contacts of the wire. A third piece in a 
platinum dish upon the surface of a solution of chloride of calcium at 268° Fahr., evolved 
all its heat instantly with explosive violence and projection of pieces of the metal by a 
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single contact of the red-hol wire. Pieces -j^th of an inch thick in a platinum dish 
upon a solution of chloride of calcium at 295° Fahr., did not discharge their heat by 
repeated scratching with a sharp steel pointer, but instantly discharged it by contact of 
a heated wire, and shattered themselves to pieces. 

97. On placing, a small fragment upon melted fusible alloy, and gradually heating 
the latter, the fragment discharged all its heat suddenly and powerfully, and shattered 
all to pieces, when the alloy obtained a temperature of 318° Fahr. A similar piece upon 
the surface of mercury discharged itself similarly when the mercury attained a tempera- 
ture of 322° Fahr. And another piece, £th of an inch thick, weighing 33 grains, immersed 
in a solution of chloride of calcium at 272° Fahr., suddenly discharged its heat and 
shattered to pieces at the end of four minutes, when the solution was at 275° Fahr. A 
fragment -j^yth of an inch thick, formed three years and four months previously (viz. in 
December 1858), was put in a platinum Jish upon a solution of chloride of calcium at 
268° Fahr., and touched with red-hot wire ; it instantly discharged its heat with violence, 
scattering fragments of the metal in all directions. The temperature of sudden dis- 
charge appears from these circumstances to lie between 270° and 300° Fahr. ; but 
depends upon several conditions, especially upon the degree of rapidity with which the 
heat is carried away in relation to that with which it is generated. The fractured 
surface of pieces suddenly discharged is brighter than that of the unchanged substance. 

98. Thick pieces of the active substance may be easily reduced to powder in a mortar 
without causing them to discharge their heat. A small quantity of the powder formed 
into a train upon the surface of glass or metal at 60° Fahr., and touched by a red-hot 
wire, only exhibited the change near where it was touched ; but if the powder was pre- 
viously placed in a platinum dish upon a solution of chloride of calcium at 265° Fahr., 
and then touched at one end by the heated wire, it discharged its heat gradually, 
and the change, attended by evolution of fumes, was slowly propagated to the distant 
extremity. 

99. The active substance was gradually discharged of its heat in the following manner : 
— A piece barely £th of an inch thick, and weighing 40’05 grains, was suspended during 
thirty minutes in a solutioifof chloride of calcium at 252° Fahr. ; when taken out, washed 
with water, dried at 240° Fahr., cooled and weighed, it had lost 2*45 grains =0*117 
per cent. It was then reheated in a platinum dish upon a solution of chloride of calcium 
at 250° Fahr., and touched six or eight times with a red-hbt wire; not the slightest sign 
of molecular change occurred, and its weight remained but slightly altered : on breaking, 
it was found to have become less brittle and of stronger cohesion ; its fractured surface 
was quite dull and earthy, and exhibited the appearance of a dark inner core surrounded 
by a layer of a lighter colour, as if an action or change had proceeded from the outer 
surface towards the centre. 

100. 20*3 grains of it, fused in an analysis-tube (82.), gave 17*20 grains in- the form of 
a metallic button, =79*52 per cent of metal, and 20*48 per cent of volatile matter, in 
the original unchanged substance; and there distilled into the bent part of the tnbea. 
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quantity of colourless buttery substance, which was slightly semifluid at 60° Fahr., and 
doubtless consisted of terbromide of antimony and a little aqueous hydrobromic acid, 
but was not further examined. In another case, two portions of the unchanged sub- 
stance lost respectively 18-42 and 20-40 per cent, of volatile matter by fusion in the 
analysis-tube ; the two portions were parts of a single piece of the deposited substance, 
the one losing 18*42 per cent, being from the upper part, and the other from its lower 
part, as it hung in the electrolyte. 

101. Another mode of gradually discharging its heat was as follows : — A piece |th of 
an inch thick was placed upon the surface of mercury at 260° Fahr. during 1^ hours, at 
the end of which time it was found, by repeated contacts of a red-hot wire, to have entirely 
lost its heating power ; its cohesion was greatly increased, and its fractured surface was 
dull and earthy in appearance ; its odour and taste were also acid : a portion was reduced 
to powder ; the powder also possessed an acid taste, and strongly reddened damp litmus 
paper, whilst the powder of the unchanged substance did not. Another piece -y^jth of 
an inch thick, weighing 23-52 grains, was placed upon platinum foil upon the surface of 
mercury at 265° Fahr., and kept at that temperature forty-five minutes, then cooled and 
weighed; it had lost 1*38 grain =5-86 per cent. ; it was then reheated on the foil and 
mercury to 270° Fahr., and touched several times with a red-hot wire, but no signs of 
the change occurred. 

102. The electro-chemical equivalent of this substance was examined in the following 
manner: — Two similar depositing cells, one filled with the chloride solution (90.) and 
the other with the bromide liquid (93.), and containing anodes of antimony and pre- 
viously weighed cathodes of sheet platinum of equal size, were connected in a single line 
with five Smee’s elements, and deposits simultaneously formed upon them during two 
days ; they were then taken out, wiped dry, allowed to stand twelve hours to further dry 
the one from the bromide solution on account of its porosity, and then weighed ; then 
replaced in the liquid to receive further deposits during two days, and again dried and 
weighed. In two determinations of this kind there were obtained respectively 50*07 and 
50*11 parts of the bromide deposit for every 42*5 parts of tjie chloride deposit, or for 
every single equivalent, or 32*2 parts of zinc consumed; and in two other determinations 
51*2 and 51-4 parts of bromide deposit were obtained. Each of these quantities of 
deposit contains the same amount of metallic antimony, viz. 40 parts, or ^rd of an 
equivalent. The variation in the numbers obtained was probably caused by the porosity 
of the deposit formed in the bromide solution. 

Third variety of active Electro-deposited Antimony . 

103. A third variety of heat-giving electro-deposited antimony remains to be described, 
and was obtained in the following manner : — Dissolve 1 part by weight of teroxide of anti- 
mony in 16 parts of hydriodic acid of sp. gr. 1*25 ; filter the solution from any oxide that 
may remain undissolved, and electrolyse ^ by two or three Smee's elements very feebly 
excited and an anode of antimony in the usual manner, and at a speed of deposition not 
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exceeding 1 grain per square inch per hour. The exact- proportion or strength of the 
ingredients is not important, provided the acid is not too concentrated, sufficient oxide 
is dissolved in it, and the electric current is very feeble. 

104. The deposit is generally at first scaly, especially if the voltaic current is rather 
strong ; but afterwards it is dull in appearance and grey like that formed in the bromide 
solution, and the tendency to the evolution of gas is much greater than in that liquid. 
It is also liable to cohesive action and crackling (17. 94.), but in a less degree than the 
other kinds. Its cohesion is very feeble, and it is much more friable than the bromide 
variety ; its fractured surface is dull and earthy in appearance, and it has a much less 
metallic character than either of the other kinds, unless it has been deposited with 
extreme slowness ; it is then sometimes bright and black like a blackleaded surface of 
iron ; its cohesion is then also greater, and its fractured surface black and bright. The 
specific gravity of one specimen which had been formed moderately slowly was 5*27 at 
60° Fahr. 

105. Hepeatedly in depositing this variety in a coherent state at a moderate speed, I 
observed at the lower part of the deposit on each side of the cathode horizontal lines 
about f ths of an inch apart, of a lighter colour than the rest of the deposit. The con- 
trast of colour was caused by a black powdery deposit adhering to the other portions and 
not upon the lines, and appeared to be more prominent at the lines ; but what was the 
cause of the lines I have not ascertained. 

106. On immersing dry pieces in water a hissing sound is produced, evidently by 
powerful absorptive action, and numerous bubbles of gas are evolved from the whole of 
its surface during about five or ten seconds, and a few small ones afterwards. 

107. A small piece, Jth of an inch thick, placed upon platinum foil upon mercury at 
200° Fahr. and touched by a red-hot wire, exhibited no signs of evolving heat ; but with 
the mercury at 338° Fahr., and touched as before, it discharged its heat feebly and 
slowly, and evolved iodide of antimony. A second similar piece, heated from 300° Fahr. 
upwards upon platinum foil upon mercury, discharged its heat with evolution of iodide 
of antimony when the mercury had attained a temperature of 350° Fahr. ; but the 
thermic action was feeble, and occupied about 20 seconds. Its temperature of sudden 
discharge appears therefore to be about 340° Fahr., and the amount of heat evolved is 
apparently very much less than with the other varieties. If exposed to strong sunlight 
during two hours, it acquires a reddish-brown colour externally. 

108. The dried substance, fused in an analysis-tube (82.), gave 77*76 per cent, of a 
metallic button, and a solid, red, easily fusible sublimate, together with a little moisture, 
manifestly teriodide of antimony, and a little aqueous hydriodic acid. 

109. The electro-chemical equivalent of this variety was examined in the same manner 
as the preceding one (102.). In two determinations, first with slow action (0*5 gr. 
per square inch ‘per hour), 50*39 parts of deposit were obtained; and second, with very 
slow action (0*2 gr. per square inch per hour), 48*07 parts were obtained for every single 
equivalent, or 42*5 parts in the chloride solution. The numbers were lessened in con- 
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sequence of a small quantity-, of the deposited substance, which was not firmly deposited, 
falling off in a state of powder to the bottom of the electrolyte. 

Further particulars respecting the first variety. 

110. Several experiments (of which the following is an example) ware made to deter- 
mine the influence of speed of deposition upon the state of aggregation, &c. of the depo- 
sited -metal. Five parts of pure oxychloride of antimony were dissolved in 20 parts of pure 
hydrochloric acid of sp. gr. 1*16, and the solution (contained in one vessel) electrolysed 
simultaneously by two separate currents from two single Smee’s elements, one of which 
contained plates 6*3 times the size of the other, each charged with the same exciting 
liquid, viz. 1 measure of acid to 18 of water: the antimony anode of the large battery 
possessed six times the amount of surface of that of the other, but the cathodes were 
of equal size. The speed of deposition by the small battery was 0*75 gr. per square 
inch per hour, and by the large one 3’22 grs., or 4*26 times the amount. The rapid 
deposit exhibited much scaly cohesive action (17.), but the slow one did not. The slow 
deposit consisted nearly wholly of grey crystalline metal, which did not possess the 
thermic power, whilst the rapid one was nearly wholly black and amorphous, and 
possessed the usual heating quality. Owing to the decline of the current, the deposit 
upon both sides of the slow one was at first black and amorphous, and then became 
grey ; and that upon the back of the rapid one consisted of alternate layers, black, grey, 
and black, produced by variations of the electric current, by gradual decline, and addi- 
tions of acid. 

111. It is particularly worthy of notice, that whether the alteration of electric power 
was gradual, as by slow exhaustion of the battery liquid, or sudden, as upon the additions 
of acid, the change of aggregation and of chemical composition of the deposited metal 
was sudden in both cases, in accordance with that rigid distinction or want of gradation 
between the two varieties of deposit already noticed (3.). The cohesion between the 
alternate layers was much more feeble than between the parts of the layers themselves, 
and the layers could be readily separated by means of a knife; the lines of junction were 
quite distinct and definite, although the layers were in perfect contact, and no films of 
depositing liquid appeared to be enclosed between them. These sudden changes of aggre- 
gation are particularly interesting. 

112. It appears from this and other similar experiments, that with a suitable liquid, 
&c., when the quantity of the electric current is small in relation to the amount of 
receiving surface, the deposited metal is grey and crystalline, and possesses no heating 
power ; and that when it is relatively large the metal is dark-coloured and amorphous, 
and has the peculiar thermic properties; other circumstances, such as high tempera- 
ture of the solution, or excess of acid (9. 10. 11.), will also produce grey metal. 

113. In. several instances, when the active variety had been rapidly deposited, it was 
less bright and smooth, its colour was lighter, its fractured surface was coarse, and on 
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discharging its heat by a heated wire, the thermic change was unusually rapid and 
^rong, shattering the metal throughout into scaly particles with almost explosive 
violence. The shattered mass consisted of parallel scaly layers, possessing an angular 
position with regard to the receiving surface, their horizontal edges pointing upwards at 
an angle of about 40° towards the surface of the liquid. 

114. Two deposits were also simultaneously formed, both of the black amorphous 
kind, but at equal and nearly uniform rates of deposition, viz. 0*55 gr. per square inch 
per hour, upon cathodes of equal size and at equal distances from the anodes, by two 
separate currents, in a similar solution to that of the previous experiment (110.) con- 
tained in a single vessel, one current being generated by one Smee’s element of large 
surface, and the other by twenty of small surface, the exciting liquid in each battery 
being the same, and the plates the same distance asunder. Both the deposits appeared 
alike, except that the one formed by the single element had a few small nodules of grey 
metal formed upon it during the latter part of the process. The active deposit formed 
by the twenty elements lost 7’4 per cent, by fusion in the analysis-tube (82.), and 2*7 per 
cent, by discharging it in the air at 60° Falir. by a heated wire; and that formed by the 
single element lost respectively 7*1 and l - 86 per cent, under similar circumstances. 
These differences of results in the two cases may have been due to other circumstances 
than the difference of number of elements. 

115. It has been already shown (6G. 75. 83.) that the discharge of heat may take 
place gradually, or even in fragmentary portions, by careful management of the tempera- 
ture in ail air-bath, or easily by immersing the substance for a greater or less period of 
time in boiling water. By suitable treatment, different parts of a given piece of the 
active substance may also be either wholly or partly discharged of their heat. In one 
instance about fths of an inch of the lower end of an active bar, 2 inches long, ^ an inch 
wide, and -^tlis of an inch thick, was immersed in cold water, the water heated to 
boiling in G minutes, and kept boiling 20 minutes ; the lower end was then found to 
have lost its heating power, whilst the upper end remained unaltered ; and in several 
other similar experiments similar results were obtained. In these and all other cases 
where the active substance was slowly discharged, the substance became much harder 
and much more difficult to break. 

116. The thermo-electric relation of the changed to the unchanged substance was 
examined as follows : — Two similar active bars were made of 

the shape of the annexed figure, containing small silver studs 
(A and B) in their extremities, enclosed by the antimony 
during the process of deposition ; one bar was discharged of 
its heat gradually by immersing it in boiling water one hour; 
it was then placed parallel to the other, but separated by bits of cork and india-rubber; 
the two studs at one end of the compound bar were connected together by silver wire, 

‘ and that end immersed in a solution of chloride of calcium at 60° Fahr. ; the other 
studs and ends, being previously connected by silver wires with a galvanometer, were 
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wrapped in oil-silk and immersed in water at 60° Fakr. ; the chloride-of-calcium solu- 
tion was now heated to 212° Fahr. in 35 minutes; a gradually increasing deflection,' 
amounting at its maximum to 42^ degrees, occurred, the discharged bar being thermo- 
electro-positive to the active one ; the temperatures were maintained during 2 hours and 
40 minutes, during which time the deflection decreased to 38^ degrees. A second similar 
experiment was made with a pair of bars like the last, one of them being wholly active, 
and the other previously made inactive at one end only, viz. the end most distant from 
the galvanometer, by gradual discharge in boiling water during 30 minutes. With one 
end of this compound bar in water at 50° Fahr., and the other in boiling water, a deflec- 
tion of 28 degrees occurred, the discharged end being thermo-electro-positive to the 
active end of the adjoining bar. A similar experiment with a single active bar of the 
above angular shape, with its ends dipping into two vessels of water, one at 57° and the 
other at 212° Fahr., and connected with the galvanometer by silver wires, gave a deflec- 
tion of 42Jr degrees, which decreased to 40 degrees in 1 hour and 25 minutes. 

117. In numerous experiments the suddenly and also the gradually discharged sub- 
stance was found in every instance to be decidedly electro-positive to undischarged 
portions of the same pieces in the following liquids — pure sulphuric, hydrochloric, or 
nitric acids, freely diluted with water ; also in aqueous solutions of ammonia, sesqui- 
carbonate of ammonia, hydrate of potash, and carbonate of soda. 

118. A bar of the unchanged substance placed axially in a copper wire helix, the 
ends of which were connected with a galvanometer, on having its heat suddenly dis- 
charged by contact of a heated wi* with one of its extremities excited no appreciable 
electric current in the wire. 


Comparison of the three varieties. 

119. They each require a solution containing an excess of free acid in addition to the 
amount necessary to dissolve the teroxide, the proportion of free acid necessary being 
greatest with the chloride and least with the iodide. 

120. The rate of deposition admissible to obtain a firm deposit, and also the range of 
speed of deposition, is greatest in the chloride and least in the iodide solution ; being 
about 0-5 to 10‘0 grains per square inch per hour in the chloride, 3 to 5 grains in the 
bromide, and 0*5 grain or less in the iodide. The tendency to the evolution of hydro- 
gen gas at the cathode is least in the chloride and greatest in the iodide : this tendency 
frequently causes the iodide deposit to be completely disintegrated. 

121. Each of the deposits exhibits the phenomenon of unequal cohesion and crack- 
ing (17.), but that formed in the chloride solution exhibits it the most strongly. The 
metal obtained from the iodide solution is the most friable, and that from the chloride 
the least so. The chloride compound is the most metallic in appearance, and the iodide 
one the least. The specific gravities of the three varieties are also in series ; that of the 
chloride deposit is 5*8, the bromide one 5*44, and the iodide one 6*25. 

122. They each possess the power of evolving heat, and this quality appears at 
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different temperatures in the three substances, being at about 200° Fahr. in the chloride 
•deposit, about 280° in the bromide, and about 340° in the iodide. The manifestations 
of heat evolved also vary, being considerable in the chloride deposit (73.), apparently 
less in the bromide one, and but very small in the iodide compound. They each become 
much less metallic in appearance by a gradual discharge of their heat, and the gradual 
discharge is also attended by an increase of cohesive force, most in the chloride and least 
(if any) in the iodide deposit. The iodide compound is also the most affected by solar 
light. 

123. The chloride deposit contains about 6*3 per cent, of saline matter, the bromide 
about 20, and the iodide about 22*2. The pseudo-electro-chemical equivalent (if I may 
apply this term to such cases) varies in each variety, and is dependent upon the amount 
of saline matter which unites with the true equivalent of metallic antimony deposited ; 
it is about 42*5 with the chloride deposit, 50 with the bromide, and 51 with the iodide. 

Conclusion. 

124. A probably correct explanation of the formation and properties of these several 
metallic deposits is as follows : — The electric current in passing decomposes the salt of 
antimony, setting free 1 equivalent of chlorine, bromine, or iodine, and J-rd of an equi- 
valent of antimony for every single equivalent of zinc consumed (48. 102. 109.). The 
antimony in the act of depositing, being in what is termed the “ nascent ” state, unites 
chemically, in a comparatively feeble or unstable manner, with the elements of the 
electrolyte, combining with them in an indefinite ftnd somewhat variable proportion. 
The ^rd equivalent, or 40 parts of antimony, carry down from 2£ to 3 parts from the 
chloride solution, about 10 parts from the bromide liquid, and about 11 parts from the 
iodide solution, and thus occasion about 42’75 parts of deposit in the first liquid, about 
50 parts in the second, and 50‘5 parts in the third solution, for each equivalent of zinc 
consumed. 

125. Another explanation, which has nearly an equal weight of evidence in its favour, 
is that the antimony is deposited in the “ amorphous ” state, and the chloride or other 
salt is enclosed mechanically in it during the process of deposition, and that the change 
consists in the assumption by the metal of the crystalline state, whereby it is converted into 
an inconceivable number of crystals of insensible size, and the imprisoned salt is set free. 

126. Antimony is not the only metal that manifests this property of uniting during 
electrolysis with portions of the electrolyte ; several other metals also show it : it is well 
known that silver deposited by electrolysis from a solution of the double cyanide of 
silver and potassium containing a little bisulphide of carbon, is harder and very much 
brighter than that deposited from the same solution without that ingredient ; this bright 
deposit is not wholly metallic silver, but contains a small proportion (about 1 per cen^t.) 
of some other ingredients of the electrolyte. 

I have not examined the laws or conditions that regulate the proportions of the sub- 
stances that unite by this species of combination. 
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127. The substance formed in either of these solutions of antimony may be viewed as 
a feeble chemical compound of metallic antimony with a salt of antimony : that it is 
not a purely mechanical mixture is rendered very probable by the fact of its powder not 
reddening moistened litmus paper, especially in the case of that obtained from the 
bromide solution, which contains as much as 20 per cent, of saline and acid matter, 
whereas immediately after the gradual change has occurred it has the power of redden- 
ing litmus strongly (101.), and the salt of antimony contained in it may be much more 
readily extracted by dilute hydrochloric acid (83.); these facts also indicate that the 
change is, at least in part, a case of chemical decomposition, the substances remaining 
together after the decomposition in a state of mechanical mixture. 

128. The compound deposited is evidently not a direct result of electrolysis, other- 
wise it would be deposited in the proportion of its electro-chemical equivalent ; nor is it 
a definite chemical compound, because there is no equivalent or atomic proportion 
between the quantity of metallic antimony and that of the salt with which it is com- 
bined, and because the proportions of these two ingredients are in each, case somewhat 
variable. 

129. The decomposition of these deposits, like that of peroxide of hydrogen, is 
attended by evolution of much heat ; it cannot, however, like the decomposition of that 
substance, be viewed as a result of a tendency of the separated ingredients to assume the 
gaseous or even the liquid state, because the compound set free is in each case in a 
nearly solid condition, but must be referred to some other and at present unknown 
cause. 

130. The union of the nascent antimony with the salt of antimony is evidently 
dependent upon the rate of deposition ; for when the speed of deposition in the chlo- 
ride solution fell below about 0*75 or 0 5 grain per square inch per hour, the antimony 
lost its power of combining with the antimonial salt, and was deposited alone in the 
grey or crystalline state (110.). It is also dependent upon the temperature of the liquid 
(11.), and upon the proportions of the ingredients of the solution (9.). 

131. Numerous and varied electrolytic experiments were made with solutions of 
arsenic, and small portions of scaly deposit were obtained from the aqueous fluoride, 
which exhibited in a comparatively feeble and indistinct degree (like the third variety 
of active antimony) a similar thermic property to that manifested by electro-deposited 
antimony. 
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XVIII. The Bakerian Lecture. — On the Total Solar Eclipse of July 18tt, 1860, 
observed at Rivabellosa , near Miranda de Ebro , in Spain. 

By Warren De La Rue, Esq., PhD., F.R.S., Hon. Sec. Royal Astron. Soc ., 

- Treasurer Chem. Soc., &c. 

Received January 30, — Read April 10, 1862. 

Mr attention was first called to the Solar Eclipse of 1860, in the latter part of the year 
1858, on the occasion of my visiting Russia, when Dr. Midler placed in my hands a 
copy of his anticipative pamphlet, entitled “ L’Eclipse Solaire du 18 Juillet, 1860.” 

This paper contained a Map of Spain, with certain lines indicating the position of 
the central path of the moon’s shadow, the limits of totality, and its epoch at various 
localities ; and it occurred to me, on perusing it, that, if circumstances should permit of 
my observing the eclipse, Santander would be very convenient for the disembarcation 
and erection of the instruments I should, in all probability, require for photographic 
observations, to the prosecution of which my successful researches in astronomical 
photography led me to think I ought to devote myself. On communicating my plans 
to Mr. Vignoles, he strongly recommended me to cross to the southern side of the 
Pyrenees in order to avoid the mists which are caused by the condensation of vapours 
from the ocean against the northern slopes of the mountains. Subsequently Mr. Vig- 
noles published an eclipse-map of Spain on a very large scale, and I selected Miranda 
for my station ; but he suggested that I should place my observatory at Rivabellosa, 
about two miles from that town. 

It is fortunate that I changed my station from Santander to Rivabellosa, as many of 
those astronomers who selected the former place were prevented by the state of the 
atmosphere from observing the eclipse. 

On my journey to Russia, I stopped at Konigsberg and made the acquaintance of 
Dr. Luther, who showed me the Daguerreotype of the total eclipse of 1851, which had 
been taken by Dr. Busch with the Konigsberg heliometer. Great credit is due to 
Dr. Busch for that successful pioneering experiment, more especially when due allowance 
is made for the uncertainty then existing as to the brilliancy of the prominences, and 
for the state of the photographic art at that epoch. In the interval' of seven years, how- 
ever, astronomical photography had made great progress ; and I recollect being much 
struck with the very indifferent definition of the protuberances in the Daguerreotype, 
from which I inferred the impracticability of deriving any conclusive evidence respecting 
the nature of such appearances from photographs, unless more distinct ones could be 
obtained. The inspection of the Konigsberg Daguerreotype subsequently exercised some 
influence on my plan of procedure. Discarding all thoughts of employing the Daguerreo- 
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type process, because the collodion process was far more sensitive and convenient, I 
chose the latter as best suited to my purpose, although I knew perfectly well, from 
experience, how frequently the collodion-film is rendered defective by specks, streaks, 
and even minute holes. It was open to me to employ an achromatic or a reflecting tele- 
scope of ordinary construction, and to place the sensitive plate in the principal focus ; but 
I was aware that the largest telescope I could possibly take with me would only give an 
image of a very moderate size, and that any of the before-named defects in the collodion 
might fall over and obliterate, or so confuse the impression of any prominence in one 
photograph, as to render its identification with its impression in a subsequent photograph 
a matter of impossibility. These considerations led me to think that it would be very 
desirable to employ the Kew photo-heliograph, because in this instrument the primary 
focal image of the sun is enlarged from about half an inch in diameter to nearly 4 inches, 
which is a scale amply sufficient to counterbalance the disadvantages of the collodion 
process; but, on the other hand, the light is thus attenuated sixty-four times, besides being 
absorbed to some extent in passing through the two lenses composing the secondary mag- 
nifier, an ordinary Huyghenian eyepiece ; and this question consequently presented itself, 
Would it be possible with such an enfeebled image to get even a single impression during 
the whole duration of the totality ? This was an extremely doubtful matter. By employ- 
ing the Kew heliograph one would evidently run the risk of returning without any pic- 
tures of the totality , however many might be procured of the other phases of the eclipse *. 

At the meetings of the Astronomical Society, and on other occasions, I made inquiries 
of those astronomers who had witnessed the eclipse of 1851, respecting the intensity 
of the light of the corona and red flames, as compared with that of the moon, and the 
relative brightness of the one to the other ; but their answers did not tend to increase 
my hopes in respect of the possibility of procuring photographs of the totality by 
means of the Kew instrument. The general impression I formed from the information 
thus derived was, that the light emitted by the corona and red flames, taken together, 
was about equal to that of a full moon — less rather than greater; but no one recol- 
lected precisely the brightness of the prominences as compared with that of the corona. 
With this imperfect information as a guide, an attempt was made at Kew to photo- 
graph the moon, but not the slightest impression could be procured of our satellite 
by an exposure of the sensitive plate, duiing one whole minute f, to its image in the 
heliograph. My expectation of success in getting pictures of the totality was not great 
after this trial ; nevertheless I still thought it desirable to carry on the experiment to 
the end, on account of the value of the results if I should fortunately succeed. It 
occurred to me several times to fit up also a photographic apparatus to an achromatic 
telescope, but I finally concluded that to attempt too many things would be sure to 
result in complete failure. I endeavoured, however, to stimulate other astronomers to 

* Beport on Celestial Photography, by the author, in the Beports of British Association, 1859, p. 152. 

t While this paper was passing through the press a very faint impression of the moon was procured with 
the* Kew heliograph in three minutes, with chemicals which gave a very ^strong impression of it in four 
seconds in the focus of my reflector of 18 inches aperture and 10 feet focal length. — August 1862. 
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make photographic experiments in the manner which I have indicated, as offering a 
greater probability of at least a partial success, so that the chances of obtaining pictures 
might be multiplied. With this object, I circulated as rapidly as I could my Report to 
the British Association on “ Celestial Photography,” which passed through the press 
in May 1860, and of which copies were extensively sent both to English and foreign 
astronomers at the latter end of May and the beginning of June. 

I have now in this narrative to go back some months earlier than the period just 
alluded to, in order to connect it with the Himalaya Expedition, an expedition origi- 
nating solely with, and organized by, the Astronomer Royal. When the year 1869 was 
drawing to a close, and I was turning my thoughts to the preparation which would be 
required for July 1860, Mr. Aiby mentioned that, if I had any intention of observing 
the eclipse, he might possibly be in a position to afford me some facilities for so doing, 
as he had it in contemplation to make an application to the Admiralty for a ship to 
convey intending observers to Spain, in the event of a sufficient number of astronomers 
expressing their willingness to join the expedition which he intended to organize. I 
expressed the satisfaction I felt in learning that he, the official head of astronomy in 
England, was willing to take the matter in hand, because 1 felt persuaded that, under 
his general direction, the expedition would prove a successful one ; and I at once volun- 
teered to form one of his party'. 

It was intimated to me that, in the event of my taking charge of the Kew heliograph, 
I should not be expected to entail upon myself the expenses of fitting it up for the 
object contemplated, or the personal expenses of the assistants who might accompany 
it, it having been from the first intended, that a grant from the Government Fund should 
be asked for to defray these charges. When, therefore, I had finally decided on taking 
charge of the instrument, I was requested to propose such a sum as I thought fully 
adequate to the purpose, and I named £160, which was granted. The entire expenses 
of the photographic expedition amounted to more than three times that sum, the balance 
being defrayed by myself. 

The actual preparations were commenced at the latter end of January 1860, first of 
all by Mr, Beckley, the mechanical assistant of the Kew Observatory, and were con- 
tinued, so far as his other occupations would permit, until the month of June ; but, in 
spite of every exertion on his part, so much remained to be done, that in June I engaged 
Mr. Reynolds (now my private photographic assistant) to aid in completing the arrange- 
ments. My party, besides myself, was, after a few changes, thus finally constituted : — 
Mr. Beckley, Mr. Reynolds, Mr. Downes, and Mr. E. Beck. 

Among the preparations to be made was a stand for the telescope, the cast-iron 
pedestal of the Kew heliograph being too heavy for convenient transport. It was 
necessary, moreover, to make some contrivance for supporting the frame of the polar 
axis in a position adapted to certain limits of latitude, within which I might fix my 
station ; and it was thought that this could be best arranged by making a new cast-iron 
pedestal composed of several pieces which took apart for the convenience of carriage*. 

* This iron stand has been left in situ, and thus marks the precise locality of my observatory. * 

2 z 2 
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Originally, merely a temporary tent in which to develope the photographs was procured ; 
but when it was known that H.M.8. ‘ Himalaya ’ would be placed at the disposal of 
the Astronomer Royal, I put this aside, and caused a complete photographic observatory 
to be constructed, part to contain the heliograph with a removable roof, and part divided 
off and fitted up as a photographic room, with a cistern, to be filled from the outside, a 
sink, and with tables and shelves to hold the apparatus and photographs. This obser- 
vatory took to pieces, and every part was marked when in its place, so that no time 
need be lost in putting it together again in its destined position. Besides the ordinary 
roof, there was another covering, consisting of strong canvas, supported at the distance 
of about three feet from the walls and roof of the developing-room. The object of this 
was to prevent the overheating of the photographic room, a circumstance most detri- 
mental to photography. This canvas was kept wetted with water, in order that the 
evaporation might lower the temperature of the stratum of air between it and the 
observatory, and it fulfilled the object perfectly. The canvas, when the observatory was 
not in use, was drawn over the room containing the heliograph, and protected the 
instrument from rain. 
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* The print exhibits the arrangement of the observatory, when secured after the day’s 
work. The position of the canvas, and the simple arrangement for maintaining it at 
the proper distance from the house, and also the outside cistern, are well shown in the 
picture, which is copied from a photograph taken on the occasion of Mr. Airy’s visit to 
my station. When the observatory was at work, the canvas was removed from the front 
(the south side) and tied back as far as the upright which is seen on the western side, the 
top boards also being removed. The front boards were of a height which admitted of 
our observing the sun above them whenever it was desirable to do so. 

Photographic chemicals were prepared in duplicate ; part of the collodion intended 
to be used was mixed with the iodizing solution in London, and after subsidence was 
carefully decanted previous to packing, in order to avoid the defects before alluded to ; 
but collodion and iodizing solution were also taken separately, so that some might be 
prepared on the spot, and used, if found free from defects, in that state of extreme sensi- 
tiveness which exists in collodion freshly iodized with the potassium iodizer. Nitrate- 
of-silver baths, prepared in the ordinary way with crystallized nitrate of silver, were 
taken, and were used in depicting the several phases of the eclipse, with the exception 
of those of totality. In taking the latter pictures the baths used were made with nitrate 
of silver which had been fused carefully in my own laboratory, and were so extremely 
sensitive that they would give photographs of the full moon in the focus of my reflector 
in less than a second of time, while with the usual bath five seconds were barely sufficient 
to give a picture of similar intensity. 

As few astronomers perhaps are aware of the number of materials required for such 
an expedition, I here give the list of contents of one of the boxes of chemicals. 


Packages. Contents. 

3 Half-pint bottles of Collodion. 

1 Four-ounce Bottle of Collodion, 

iodized. 

1 Half-ounce Bottle of Pyrogallic 

Acid. 

1 Six-ounce Bottle of Acetic Acid. 

1 Impound Bottle of Hyposulphite 

• of Soda. 

1 Case containing Oxide of Silver and 

dilute Nitric Acid, in separate 
bottles, for correcting the bath, 
in case of need. 

2 24 oz. of Nitrate-of-silver Bath. 

1 2 oz. Crystals Nitrate of Silver. 

1 4 oz. fused Nitrate of Silver. 

The apparatus, when completed, weighed 


Packages. Contents. 

1 £ oz. Iodide of Potassium. 

1 Ounce Measure. 

1 Gallon Distilled Water. 

1 Set of Scales and Weights. 

3 Plate-drainers. 

1 4 oz. of Tripoli. 

1 Packet Cotton Wool. 

1 Glass Funnel. 

1 Retort Stand. 

1 Lantern. 

3 Bottles of Varnish. 

Test Papers. 

Filtering Paper. 

4 8-oz. Mixing Glasses for Collodion. 
[ cwt., and was made up into thirty pack- 
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ages for convenience of transport. Among the miscellaneous requisites were included : — 
distilled water weighing 1£9 lbs. ; engineers’ and carpenters’ tools weighing 113 lbs. ; 
lanterns, lamp-oil, spirit-lamp, and spirits of wine, weighing together 73 lbs.; a small 
stove and kettle for boiling water, and, lastly, some preserved provisions, in case the 
party should be compelled to encamp for a few days. Owing, however, to the excellent 
arrangements most kindly made by Mr. Vignoles, the latter were quite unnecessary. 

As my plans became matured, it occurred to me that it would be desirable to make 
determinations of geographical position ; and I therefore borrowed from the Kew Obser- 
vatory a small transit theodolite with 6-inch altitude and azimuth circles, both reading 
with the verniers only to one minute of arc. The optical part, of the instrument was 
found t<^be very indifferent, and the readings of the altitude circle were, from some 
cause, not so accordant from time to time as they ought to have been. I took with me 
also three chronometers — a box chronometer, a pocket chronometer, both indicating 
Greenwich mean time, and my journeyman sidereal chronometer. 

I was induced to make preparations for eye-observations (which I did not originally 
contemplate), partly in order that I might be in a position to interpret from my own 
sketches and recollections the results of the photographs, and partly because in case I 
should fail in making photographs, I might still be able to contribute something to 
the series of optical observations. .1 therefore took with me a beautiful achromatic of 
3 inches* aperture, which Mr. Dallmeyer had kindly lent me for the occasion. This 
telescope was mounted by Messrs. Troughton and Simms on a most convenient and 
steady altazimuth-stand, designed by the Astronomer Royal. The equatorial movement 
was effected by the joint action of two radius bars, which enabled me to keep the sun 
exactly within a tangential square, which I had had ruled upon glass and placed in the 
focus of an eyepiece to be described hereafter. „ 

Lastly, through the kindness of Messrs. Elliott and Mr. Casella, I obtained the loan 
of some meteorological instruments. Messrs. Elliott lent me one of their excellent 
aneroid barometers. Mr. Casella lent me a marine barometer and a standard thermo- 
meter, both verified at Kew, the readings of which were used in the reductions of the 
astronomical observations. 

The apparatus was sent to Plymouth on the 5 th of July, whence we set sail on the 7th; 
.on the 9th we reached our destination. Mr. Vignoles met the ‘ Himalaya’ in a small 
steamer which he had chartered to convey ashore the astronomers who intended to land 
at Bilbao, with their apparatus and luggage ; but I am placed under a further obligation 
to him, not only for his kind and liberal hospitality during my stay at Bilbao, but also 
for dispatching my apparatus, as soon as it was landed, to Rivabellosa, which is situated 
at a distance of seventy miles from the port of Bilbao, and is only accessible through a 
pass difficult for the transmission of heavy baggage. 

On the evening of the 10th we left Bilbao in a diligence which I had engaged to 
convey my party to Rivabellosa, at which place we arrived on the next day, after a 
journey very trying to our chronometers. 
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The instruments reached Eivabellosa on the evening of the 11th ; the previous part 
of the day had been occupied in taking a general survey of the country around the 
village, with the object of selecting a site whereon to erect our observatory, and I at 
length settled, on one of the thrashing-doors* which are to be seen in great numbers in 
that country in the open fields. It was about 60 feet in diameter, and close to the road, 
which we found to be a great convenience, inasmuch as the water required for our use ? 
had to be brought from a distance. Moreover, it was level, and extremely hard and dry. 
I had hardly selected this site when I learned, with some concern, that the harvest had 
commenced, and that the proprietor intended to make use of the floor on the morrow for 
his thrashing operations, which it is the custom of the country to complete immediately 
after the reaping. However, Don Simon, land-surveyor of the Bilbao and Tudela Rail- 
way, who explained this to me, kindly undertook to negotiate for the hire of the station ; 
but the owner, when informed that his thrashing-floor was the best adapted for my pur- 
pose of any place I had seen, at once said that it was quite at my disposal, and, although 
he had to convey his grain to a distance, refused any remuneration. 

The instruments were conveyed to the thrashing-floor, and the transit theodolite 
unpacked in time to make an observation of the sun soon after 10 o’clock on the morn- 
ing of the 12th. By the evening the observatory was erected and in actual operation, 
and a photograph of the sun was obtained on the 14th. To my staff was at last added 
Mr. S. Clark, who had acted as interpreter, and who kindly volunteered his assistance 
during the eclipse. And I am greatly indebted to the gentlemen composing my staff 
for their most efficient assistance. With a self-denial hardly to be expected under the 
circumstances, each carried out steadily his allotted task, and thus contributed to a 
result which is most gratifying, after so much preparation and trouble. 

Upwards of forty photographs were taken during the eclipse, and a little before and 
after it, — two being taken during the totality, on which are depicted the luminous pro- 
minences, with a precision as to contour and position impossible of attainment by eye- 
observations. 

Photographs of the sun were taken on the two days succeeding the eclipse, namely, 
the 19th and 20th, and the instruments were then taken down and packed. 

On the 26th the Himalaya Expedition re-embarked on board the ‘ Himalaya,’ — myself, 
staff, and baggage being reconveyed to the vessel from Bilbao through the kindness of 
Mr. Vignoles, who accompanied us to England. On the 28th we landed at Portsmouth. 

I must here take occasion to express my best thanks to Captain Seccombe and the officers 
of the * Himalaya ’ for their great kindness during the outward and homeward voyage. 
My thanks are also due to Senor Montesino, Chairman of the Bilbao and Tudela Rail- 
way, for assistance rendered ; also to Don Simon, and to Mr. Bennison and Mr. Preston, 
gentlemen belonging to Mr. Vignoles's staff. 

* In the accompanying print a thrashing-floor, similar to the one I employed, is represented. The' Plate is 
inserted partly with the object of calling attention to Mr. Paul Pbetsch’s phototype process, which I have 
recently employed to furnish representations of sun-spots. (See Monthly NoticesRoy. Ast. Soc. vol.xii. p.278.) 
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After having obtained the photographs and got them home safely, my work was only 
begun. I knew that they contained in themselves most valuable records ; but it did not, 
in the first instance, appear so clearly how I could turn them to account. The two 
totality pictures presented the most interest, and to them I first turned my attention ; and 
as it was evident that no measurements ought to be made on the originals, I then 
bethought me of the best means of multiplying them. In the first instance, I got some 
enlarged positive copies photographed by Mr. Downes, and, made some little progress in 
measuring them ; but I soon found that I should require others, and, on attempting to 
have some made a little later in the year, I experienced an amoimt of difficulty I never 
could have anticipated. The original negatives proved to be so extremely intense, that 
nothing short of unobscured sunlight would penetrate them and reveal their details ; so 
that it was only by working for many selected days with Mr. Downes, that I succeeded 
in getting a sufficient number of positive copies for my purpose. Those who remember 
how remarkably dull and wet the year 1860 was in England will readily understand 
that the selected days were few and far between, so that it was fast approaching winter 
before I had got on much with the work on the photographs. I also had recourse to the 
albumen process, and obtained a few copies of the size of the original by superposition, 
without the intervention of the camera. These were made in my presence, at Messrs. 
Negretti and Zambra’s, and from these positives some negatives were taken. Although 
these copies did not aid me greatly, it was fortunate they were taken ; for in course of 
time the original negative No. 26, the second of totality, gave indications of decay, and 
on attempting to save it by revarnishing it, the collodion expanded, and crinkled up so 
much that, except as a record of what was done, the original negative is spoiled. I have 
protected it from further injury by cementing it with Canada balsam to a second glass 
plate ; but one of the albumen negatives must now supplement it, if more copies are ever 
taken by direct superposition. Enlarged negatives, however, exist ; but, as something is 
always lost in copying, the damage to the original negative is unfortunate*. 

Measurements of the enlarged positives on glass of the totality pictures soon proved 
to me that the most accurate results could be obtained by measuring the photographs 
of the other phases, and that these results would indicate the path of the moon, and the 
position of the centres at the epoch of totality, independently of any determinations of 
geographical position. For this object it became necessary to measure the original 
negatives, because the slightest deviation of the optical axis of the copying c am era 
from a right angle to the plane of the sensitive plate, or the least eccentricity, would 
cause a distortion of the cusps. I had, therefore, to devise an instrument for measuring 
!;he photographs ; and having considered how the object could be effected, I put one in 
hand with Messrs. Troughton and Simms, who constructed it for me with their usual 
skill and precision. After the instrument had been made, it was found to be conve- 
nient that some of the parts should be provided with a means of adjustment ; so that 
although it was commenced in February of 1861, it was not until July 18th that it was 
* The whole of the original negatives have been deposited with the Astronomer Hoyal. 
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completely finished and ready for use. Since that time, every spare moment has been 
devoted to the final accomplishment of this work ; and, taking into account the inter- 
ruptions I am subject to, I feel convinced that it could not have been done in less time, 
although I candidly confess that the delay in sending in this Report must appear scarcely 
warranted. 


Determination of the Geographical Position. 

Previous to starting for Spain, I made certain preparations for facilitating the after- 
operations which I might have to carry out ; for I knew that the time allowed for get- 
ting the instruments into position would not be more than sufficient, even if each day 
permitted of observations being made. For this reason, I computed, with the formula 

^ (a= the polar distance, X= the colatitude), 

a series of star constants for all the stars likely to be visible in my instrument. I also 
computed a table of corrections, to be applied to the times of equal altitudes of the sun 
for intervals of two, three, four, five, and six hours, for each day from July 12 to July 
22 ; and similar corrections to the azimuths of equal altitudes, to enable me to lay off 
at once a meridian line and erect a mark. My star constants did not, however, prove 
of much service ; for it was rarely that I could get a glimpse of the stars ; so that on only 
two occasions was I enabled to make any observations at all, and then only with the 
greatest difficulty, although I watched patiently for opportunities through or between 
the clouds. 

I have already stated that I took with me three chronometers. My journeyman 
sidereal chronometer, Leplastrier 2915, is a very old one. In consequence of the wear 
of the fusee, this chronometer, which is an eight-day one, varies in its daily rate from 
8*6 seconds to 17 seconds, losing ; but during long periods the rate is pretty uniform, as 
will be seen from the following observations : — 

Leplastrier 2915. 


sec. 

From June 30 to July 3, losing daily 10*36 

From July 3 to July 30, losing daily 12*51 

From July 30 to August 7, losing daily 12 06 

From August 7 to August 17, losing daily 11*29 


On July 3, 21 h 24 ,n , it was fast of Cranford sidereal time . . . 194*8 

Cranford observatory is west of Greenwich in longitude . . . 97*5 

Hence, on July 3, 21 h 24 ro , Leplastrier No. 2915 was fast of 

Greenwich sidereal time 97 *3 

mdi 


On July 30, 6 h 30 m , it was slow of Cranford sidereal time . . 138*0 

mdccclxii. 3 A 
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The pocket chronometer, Frodsham No. 9768, was found to have the following rates 
and errors: — 


From June 26 to June 29. its daily rate was losing . 
From June 29 to June 30, its daily rate was losing . 

From June 30 to July 3, its daily rate was losing . . 

h 

On June 26, 15, it was slow of Greenwich mean time 
On July 3, 15, it was slow of Greenwich mean time . 


sec. 

105 

2-84 

2-00 

30 

15-0 


From these data, the mean daily rate was 1*71 seconds losing. On the ,17th or 18th 
of July this chronometer tripped, most likely in consequence of its having been touched 
by the inmates of my lodgings ; and it was therefore useless to make any determination 
of its error on my return from Spain. 

From a comparison with the box chronometer to be next mentioned, for the loan of 
which I was indebted to the kindness of Mr. Frodsham, I estimated the error on Green- 
wich mean time of Frodsham 9768 to be 3 - 2 sec. slow, for July 3, 15 h , instead of 3 sec., 
as found by observation. The comparison was made on June 25, 22 h : two hours later 
Mr. Ellis found the box chronometer, Frodsham se e. 

No. 3094, to be on June 26, 0 b 1*9 slow of Greenwich mean time. 

In two hours 3094 would have gained .... 0 08 

At the time of comparison 9768 was slow of 3094 0-50 

Between the comparison and the ascertaining of 
the error of 9768, namely 17 hours, the latter 

would lose O’ 74 

Estimated error of Frodsham 9768, on June 26, 15 h 3-22 

This difference between 3*2 sec. and 3 0 sec. might have been occasioned by the 
journey of No. 3094 to Greenwich, but in any case was so small that, for the subsequent 
calculations, 1 retained without correction the error afterwards determined by observa- 
tion on July 3, 15 h , when Frodsham 9768 was slow of Greenwich mean time 15*0 sec.; 
whence on July 5, 0*', its error would have been 17*3 sec. slow of Greenwich mean time. 

The box chronometer, Frodsham No. 3094, was (through the kindness of the Astro- 
nonomer Royal) compared at Greenwich by Mr. Ellis, whose determination of its errors 
are given below. 


June 26 . . 

h 

. 0 

m 

0 

sec. 

1-9 

| 

June 27 . 

. 0 

0 

10 

> slow of Greenwich mean time 

June 28 . . 

. 0 

0 

0-5, 


June 29 . . 

. 0 

0 

• 

1-3" 


June 30 . . 

. 0 

0 

23 


July 1 . . 

. 0 

0 


• fast of Greenwich mean time. 

July 2 . . 

. 0 

0 

3* 6 


July 3 . . 

. 0 

0 

4-5 
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The average daily rate of this chronometer was therefore gaining 0*91 sec.; and 
assuming this rate to have continued, on July 5 0 h its error would have been fast of 
Greenwich mean solar time 6*3 seconds. 

On the supposition that the pocket chronometer would continue to lose 1*71 sec. daily, 
and that the box mean-time chronometer would continue to gain daily 0*91 sec. 
box chronometer Frodsham 3094 would gain over Frodsham 9768 . . 2*62 secs, daily. 

The subjoined Table contains the assumed errors of each chronometer, the estimated 
difference between the two chronometers, and the difference actually observed as nearly 
as possible at noon of each day — the observation being reduced to noon : — 


Date. 

Assumed error of 
Frodsham 3094. 

Assumed error of 
Frodsham 9768. 

Estimated difference 
between 9708 and 3094. 

Observed difference 
between 9768 and 3094. 


see. 

see. 

sec. 

sec. 

July 5. 

fast 6*3 

slow 17*3 

-23-6 

—24-5 

July 6. 

fast 7-2 

slow 19 % 0 

— 26-2 


July 7. 

fast 8‘1 

slow 20 - 7 

-28*8 


July 8. 

fast 9*0 

slow 22*4 

-31-4 


July 9« 

fast 9'9 

slow 24*1 

-34*0 

-35-0 

July 10. 

fast 10 - 8 

slow 25*8 , 

-36*6 

-370 

July 11. 

fast 11-7 

slow 27’5 

— 39*2 

—37*5 

July 12. 

fast 12-6 

slow 29 - 2 

-41-8 

-37-5 

July 13. 

fast 13’6 

slow 30-9 

— 44-5 

—38-5 

July 14. 

fast 14*5 

slow 32"6 

-47*1 

— 400 

July 15. 

fust 15*4 

slow 34*3 

-49*7 

—41*5 

July 16. 

fast 16-3 

slow 36*1 

-52*4 

-42-5 


On examining the two box chronometers immediately after our arrival at Rivabellosa, 
Leplastrier 2915 was found to be apparently uninjured, but I was chagrined to find that 
Frodsham No. 3094 had been most severely disturbed by the joltings of our vehicle, 
notwithstanding the protection of its outside padded case, and an extra precaution I had 
taken to press shavings into its own case, to keep it firm in its place. The cap of the 
glass had become unscrewed, the glass had shaken out, and the chronometer itself, shift- 
ing from its normal position, had risen out of its seat ; fortunately, however, the glass 
could not move far, on account of the wadding, and the hands were consequently un- 
injured. I succeeded in replacing the chronometer, and in putting the glass into its 
frame ; but it thenceforward took up an entirely new rate, as was evident on comparing 
the differences between its readings and those of the pocket chronometer. An inspec- 
tion of the foregoing Table shows that up to the 10 th the two chronometers mai n t ain ed 
the average rate assigned to each; for example, the computed difference minus the 
observed difference on that day amounted to only — 0*4 second. After my return to 
England, chronometer No. 3094 was, with the Astronomer Royal’s kind permission, again 
compared by Mr. Ellis, who found the following errors from Greenwich mean time : — 


3 a 2 
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For Frodsham 3094. 

h m secs. 

August 10 0 0 2’8 slow. 

August 11 0 0 3 slow. 

August 13 0 0 2*7 slow. 

August 14 0 0 3 slow. 

August 15 0 0 2*2 slow. 

August 16 0 0 2’6 slow. 

August 17 0 0 2*8 slow. 

August 18 0 0 2*7 slow. 

August 20 0 0 2-5 slow. 

its average daily rate being losing 0‘03 second, whereas, before starting, it was gaining 
0 # 91 second. 

On the 16th of July, Mr. Otto Struve, Dr. Winnecke, and Lieut. Oom visited my 
station ; and I took advantage of their doing so, to make a comparison of chronometers. 
Dr. Winnecke estimated the error of Frodsham No. 3094 to be fast of Greenwich mean 
time 7*5 seconds; consequently as the pocket chronometer Frodsham No. 9768 was slow 
of No. 3094 42‘5 seconds, it follows, from this comparison, that it was —42-5 seconds 
+7’5 seconds =35 seconds slow of Greenwich mean time, which differs by only —1*1 
second from the error assigned to it, by applying its mean daily losing rate of 1*71 
second. 

It appears, therefore, that the pocket chronometer could be relied on up to the 16th 
of July. On correcting the assumed error from Greenwich mean time of No. 3094 by 
comparisons with the pocket chronometer, we obtain the following : — 

Frodsham No. 3094. 

Computed error from Greenwich 
mean time, taking No. 9768 
as the standard. 

July 9 fast 10-9 seconds 

July 10 fast 11*2 seconds 

July 11 fast 10-0 seconds 

July 12 fast 8*3 seconds 

July 13 fast 7*6 seconds 

July 14 fast 7*4 seconds 

July 15 fast 7*2 seconds 

July 16 fast 6’4 seconds 

With the advantage of the comparison made on the occasion of Mr. Struve’s visit, 1 
have confidence in assuming the error of"ft*)dsham 3094 to have been from -4“ 6 *4 to 
-f-7*5 seconds, say +7 seconds, on July 16 at noon. 

On the 19th the Astronomer Royal and his party honoured me with a visit, and I had 
the great satisfaction of hearing from our leader that he was well satisfied with the suc- 


Assumed error from Greenwich mean 
time applying its average rate. 

fast 9 9 seconds 
fast 10’8 seconds 
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cess of my* photographic operations, and also with the arrangements of the observatory, 
and the many preparations which had been made to secure the result. 

At 2 b 30 m , a comparison was made between Mr. Airy’s pocket chronometer Moly- 
neux No. 1007 and the’ box chronometer Frodsham No. 3094; Molyneux was slow of 
Frodsham 3094 43 seconds. 


Molyneux 1007 was slow of Greenwich mean time, 

h sec. 

On July 16 . . 23 28*8 . . , 

22 or. 7 losing daily 7 2 seconds. 

July 18 '. ! 22 33 0 g “ ining 2 ' 7 SeC ° nds - 

Applying the latter rate, Molyneux would appear to have been, on July 19, 2 h 30"\ 
32*5 seconds slow, and consequently Frodsham 3094 10*5 seconds fast of Greenwich 
mean time. I believe that Molyneux 1007 could not be greatly depended on ; but, the 
comparison of chronometers having been made, I place the result on record, although I 
am not able to make it accord with the other observations within several seconds. 


Observations. 

The following observations were made with the transit theodolite. During the day 
the instrument had to remain exposed to the sun ; and this caused the several parts to 
expand very unequally, and kept the bubble in the level always in motion — a circum- 
stance which proved very troublesome. 

Estimation of Longitude. 

July 12. Four pairs of reduced observations of equal altitudes of the sun showed that 
at local mean noon 

Frodsham 3094 was fast of local mean time ... 11 min. 51 *9 sec. 

July 14. Two pairs of reduced observations of equal alti- 
tudes of the sun showed that at local mean noon 

Frodsham 3094 was fast of local mean time . . . 11 min. 51*3 sec. 

With reduced observations of the azimuths of equal altitudes of the sun on the 12th and 
the 14th, northern and southern adjustable meridian marks were placed, the first against 
a building, the second against some trees ; both sufficiently distant to give distinct vision 
of the mark, which was a cross X of wood, moveable in a top and a bottom groove in 
a wooden frame. 

Attempts were made on the night of the 13 th to obtain observations of stars; but the 
weather was too cloudy ; by dint of perseverance, however, I did manage to get, through 
breaks in the clouds, the meridian altitude of a Lyree, and an altitude of the pole star 
out of the meridian, presently to be referred to in the determinations of latitude. 

On the night of the 14th I was more fortunate, and was able to obtain observations 
of a high and low star, and finally to adjust the meridian marks by means of an obser- 
vation of i Ursae Minoris on the meridian. As soon ag the observation of i Ursae Minoris 
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was made, an assistant at each of the marks held a lantern near it, so that being illumi- 
nated I might see it with the theodolite and thus be enabled to make signals to them 
for the permanent adjustment of the marks, which was successfully accomplished. The 
following day being Sunday, no work was done ; but on Monday Mr. Preston volun- 
teered to aid me in projecting my meridian towards the station of the Astronomer .Royal 
at Pobes. Using, as a signal flag, a bed sheet, which was not at all larger than was 
necessary in order to be well seen, I was able to direct Mr. Preston where to erect a 
staff with a similar appendage, in the line of my meridian, towards the north, and at a 
distance of about seven miles from Rivabellosa. Mr. O. Struve, as I before said, visited 
us on the 16th and undertook to work out the geodetic survey, which it was agreed 
should be made to connect the Pobes and Rivabellosa stations. 

July 14. Observations of a Scorpii and £ Ilerculis, when reduced, showed that at 
16 hour 28 min. 

Leplastrier 2915 was fast of local sidereal time .... 11 min. 1*7 sec. 

The weather afforded no other opportunity for star observations for longitude deter- 
minations until the night of the 18th, when I was too much fatigued to avail myself of it. 

July 16, Oh. A transit of the sun showed that 

Frodsham 3094 was fast of local mean time 11 min. 49*9 sec. 

July 20, Oh. A transit of the sun showed that 

Frodsham 3094 was fast of local mean time 11 min. 41*5 sec. 

July 20, 8 h. 0 min. sidereal time. The transit of the sun being 
observed simultaneously with the sidereal chronometer, showed that 

Leplastrier 2915 was fast of local sidereal time .... 9 min. 55*8 sec. 

From the foregoing observations are derived the following results. 


Frodsham No. 3094. 


Fast of Rivabellosa, Daily rate, 

mean solar time. 


July 12th 
July 14 th 
July 16 th 
July 20th 

whence the 


h m sea 

0 11 51*9 
0 11 51*3 

0 11 49*9 

0 11 41*5 


sec. 

Losing 0*3 
Losing 0*7 
Losing 2*1 


Longitude was West of Greenwich 


July 12 

m 

... n 

sec. 

43*6 

July 14 

... li 

43*9 

July 16 

... n 

43*5 

Mean 

... li 

43*7 


Error on Greenwich mean time as 
estimated by comparison with 
Frodsham 9768. 

sec. 

Fast 8*3 
Fast 7*4 
Fast 6*4 


Taking Dr. Winnecke’s estimate of the error of Frodsham No. 3094 on the 16th, 
namely, 7*5 seconds fast of Greenwich, we get for the longitude 

West 11 min. 42*4 seconds 
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Applying the average daily losing rate of 12 51 sec. since July 3rd, 21 h. 24 min. for 
Leplastrier, we derive the following results from the observations made with that chro- 
nometer : — 

Leplastrier No. 2915 

Was fast of local Error on Greenwich sidereal time 
sidereal time. by applying mean daily rate. 



h m 

m 

sec. 


m 

sec. 

July 14 . . 

16 47 

n 

1*7 

Slow 

0 

37-9 

July 20 . . 

8 0 

9 

55-8 

Slow 

1 

48*4 

whence the longitude 

was West of Greenwich 







m 

sec. 





July 14 . 

. n 

39-6 





July 20 . 

. n 

44-2 





Mean 

. li 

41-9 





By combining all the foregoing results, and taking the arithmetical mean, we obtain for 
my Observatory at Rivabellosa 

m sec. 

11 43-7 

11 42-4 

1_L 4 ll 9 

the longitude West 11 42 • 7 


Observations for Latitude. 

July 12. The reduced zenith distance of the sun’s upper limb, when on the meridian, 
gave as the latitude of Rivabellosa 

N. 42° 42' 37" 

July 13. An observation of a Lyrao on the meridian and of Polaris out of the meri- 
dian, when reduced, gave for the latitude freed from error of the level, 

N. 42° 42' 19". 

July 14. An observation of the zenith distance of the sun’s upper limb previous to 
the meridian passage at the hour angle 24° 5' 15" gave, when reduced, the latitude 

N. 42° 41' 48". 


July 20. The reduced zenith distance of the sun’s upper limb, when on the meridian, 
gave the latitude 

N. 42° 41' 17". 


Combining the foregoing determinations of latitude, we obtain 

July 12. Observations of sun ...*... 42 42 37 


July 13. Observations of stars . . . . . . 42 42 19 

, July 14. Observations of sun 42 41 48 

July 20. Observations of sun 42 41 17 


Latitude N. 42 42 


as the mean 
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The foregoing numbers are not so accordant as I could desire ; but they are, I 
believe, as good as could have been obtained with the instrument, particularly under 
the circumstance ’of its continual exposure to the sun during its employment in the 
day-time. 

Elevation of the Station. 

Before leaving Bilbao on the 10th, the aneroid barometer was read off, when it stood 
at 30*019 in., temperature 71° Fahr. On arriving at Rivabellosa it indicated 28*473 in., 
the temperature being 65° Fahr. With these numbers I estimated the height to be 
1481 feet above the ground floor of Mr. Vignoles’ house at Bilbao, which is several 
feet above the mean sea-level. 

Mr. Preston, however, was so kind as to connect my station by levelling with a 
normal point on the railway, and made its height to be 1572 feet 4 inches above the 

mean sea-level. 

Recapitulation. 

The geographical position of my observatory at Rivabellosa was, therefore. 

Latitude N. 42° 42', Longitude W. 11 min. 42*7 sec., 

and its height above the mean liigh-water mark 1572 feet 4 inches. Mr. Struve has 
communicated to me that the geodetic connexion of Rivabellosa and Pobes showed the 
geographical position of my observatory to be 

Latitude N. 42° 43' 24", Longitude W. 11 min. 41*3 sec. 

Lastly, I estimate the error of the mean-time chronometer, Frodsham No. 3094, 
July 18th, 0 h , to have been 4*6 seconds fast of Greenwich mean time, by assuming a 
progressive increase in its losing rate from July 16 th to July 18th, and taking the mean 
between Dr. Winnecke’s and my own estimate for its error on July 16th. 

After the return of the expedition, Mr. Carrington kindly made some extensive 
calculations to admit of a direct comparison of my observed results with the demands of 
theory. To Mr. Farley I am also much indebted for special computations of the moon’s 
position in respect of the sun’s, in a form the most convenient for comparison with 
measurements hereafter to be mentioned. 

Abstract of the Results of Mr. Carrington’s Calculations for Rivabellosa. 


Assumed position of station : — 

Geographical latitude 42° 42' 

Longitude W. of Greenwich ..... ll m 42 s *7. 
Height above sea-level 1572 feet. 

Whence the following elements : — 

Geocentric latitude =42° 30'*5. 


Log. distance from earth’s centre . . . 9*9993676. 

The true positions of the sun and moon are those of Le Verrier’s and Hansen’s 
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Tables, as drived from the Special Circular issued by the Superintendent of the Nautical 
Almanac. 

For the totality the apparent positions were calculated for 3 h. T) m. and 3 h. 5 m. 


Greenwich mean time, with the following results : — 

Zenith distance of sun’s centre 40° 33'. 

Angle at sun between pole and zenith . . . 47° 59'. 

Moon’s semidiameter 16' 33"*0. 

Sun’s semidiameter 16' 44"* 8. 


Totality began at 3 h. 0 m. 37*4 s. at 101° 38' on the sun. 
Totality ended at 3 h. 4 m. 1*6 s. at 312° 56' „ 

Direction of motion from 297° 17' to 117° 17' „ 


Relative motion during totality 92"*8. 

Nearest approach of centres 13"*0. 

Duration 3 min. 24*2 secs. 


For the first contact the apparent positions were calculated for 1 h. 40 m., 1 h. 50 m.. 
and 2 h. 0m. Greenwich mean time, with the following results: — 


Zenith distance of sun’s centre 28° 49'. 

Angle at sun between pole and zenith .... 35° 50'. 

Moon’s semidiameter 16' 34"*6. 


First contact at 1 h. 47 m. 56*0 s. at 296° 54' on the sun. 

Rate of approach of centres per minute . . . 24"*87. 

For the last contact the apparent positions were calculated for 4 h. 0 m., 4 h. 10 m., 
and 4 h. 20 m. Greenwich mean time, with the following results : — 

Zenith distance of sun’s centre 52° 45'. 

Angle at sun between pole and zenith .... 51° 36'. 

Moon’s semidiameter 16' 30"* 7. 

* Last contact at 4h 10 m. 15*2 s. at 117° 20' on the sun. 

Rate of retreat of centres per minute .... 29"*85. 


The formulae used in computing the moon’s parallax and apparent semidiameter were 

3S f ' si 

cos S sin y 


A m r geos fern p 

d=/R of zen. — — - 


«=— -jJ-jjjfra. »m0— a-fi 7ft 2 sin 2 . 6— a- 1— £ m 3 sin 3 . f—ctj 
S'— i=— n. siny— »*sm2.y--$+£ w 8 sin3.y^j| 


. . . cos I . — a 

tan y =tan^.- o — : ^ r +a ) . 

R'=R . sin (y~^) • cosec (y— &). 

3 B 


M DCCCLXII. 
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Mr. Farley’s Elements of the Eclipse for Bivabellosa. 

The following calculations are based on the same latitude and longitude as those of 
Mr. CJCrrington. 


Greenwich 

Apparent distanoe 

Angle of line 

Aug 4 . S. D. 

Ratio of Lunar to 

mean time. 

of 

O and <C centres. 

joining centres, 

N. towards E. 

or Radius of C . 

Solar radius. 

d. h m 

July 18. 1 45 

33 32*8 

29<> 54 

16 34-5 

1*0526 

1 55 

29 22*0 

296 54 

16 34-4 

1*0525 

2 5 

25 8-9 

296 52 

16 34*3 

1*0524 

2 15 

20 53 0 

296 47 

16 34*1 

1*0523 

2 25 

16 34*4 

296 38 

16 33*9 

1*0521 

2 35 

12 12*2 

296 23 

16 33-7 

1*0518 

2 45 

7 47*2 

295 48 

16 33-4 

1*0515 

2 55 

3 19*3 

293 40 

16 33*1 

1*0511 

3 5 

1 13-8 

126 59 

16-32*8 

1*0508 

3 15 

5 48-2 

119 20 

16 32*5 

1*0505 

3 25 

10 26*7 

118 22 

16 32*2 

1*0502 

3 35 

15 9*1 

117 57 

16 31*9 

1*0498 

3 45 

19 55-2 

117 43 

16 31*6 

1*0495 

3 55 

24 45*0 

117 32 

16 31*3 

1*0492 

4 5 

29 39-0 

117 22 

16 30*9 

1*0488 

4 15 

34 37*2 

117 14 

16 30*5 

1*0484 


h m sec. 

Time of first contact . . . 1 47 57 at 296° 54' N. towards E. 

middle ... 3 2 20 duration of totality 3 min. 20 sec. 

last contact . . . 4 10 16 at 117° 18' N. towards E. 

Nearest approach of centres 0' 12"*7. 

OBSEBVATIONS OF THE ECLIPSE. 

I. Observations with the unassisted Eye , and with the Telescope. 

A splendid day on Sunday the 15th was succeeded by one of the grandest and most 
awful thunder-storms I have ever witnessed; and the 16th was cloudy, almost without 
intermission. The day previous to the eclipse had been completely overcast, with the 
exception of a short interval about noon ; but even then the sun could only just be seen 
through a cloud somewhat thinner than those which obscured the rest of the heavens. 
The climate had therefore proved anything but propitious, and every interval of fine 
weather had to be diligently made use of for the adjustment of the instruments and 
the prosecution of observations. Fortunately an opportunity had presented itself # on 
two days for practice in observing the sun with the Dallmeyer between 1 h. 30 min. and 
4 p.m., and for special practice at about 3 o’clock. It was ascertained that during the 
progress of the eclipse the radius bars would have to be changed from one leg of the 
tripod-stand to the other, and arrangements were made to prevent the necessity for 
doing this during or near the period of totality. 

To this instrument I had fitted an eyepiece of my own contrivance, which I described, 
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verbally, at one of the meetings of the Astronomical Society, and which was in con- 
sequence adopted by Mr. Pritchard. No account having been ^published of this 
appendage, and ‘experience having proved its value in eclipse observations, *1 think it 
desirable to describe it here. It will be remembered that Mr. Hodgson some time ago 
proposed that a piece of polished glass should be used as a diagonal reflector in observ- 
ing the sun; and “Hodgson’s solar eyepiece” has been generally adopted, and is a 
most convenient and efficient instrument. It occurred to me, that if the glass reflector 
were made in the form of a parallelogram, of such dimensions that a moiety of its sur- 
face would suffice for the field of the telescope, one-half of the upper reflecting surface 
might be silvered and the other left plain, and that the addition of a suitable con- 
trivance would enable the observer to draw into position the unsilvered or the silvered 
surface, according as either partial or total reflexion might be required. The silver 
film is so extremely thin that it in no way affects the focus, yet it is susceptible of the 
highest possible polish. It was not a convenient plan to silver only half the mirror ; so, 
when the whole had been silvered *, one-half of the silver was neatly removed by means 
of a cloth, wetted with cyanide of potassium, strained over the forefinger. The rough- 
ened back of the reflector was freed from silver, and the plate then washed thoroughly 
with distilled water and allowed to dry. A little pad of wash-leather, well charged 
with dry rouge by rubbing it oh a second piece of leather on which some rouge-powder 
had been placed, very soon removed the peach-like bloom from the silver surface, and 
produced a perfect polish. 

The construction of the eyepiece will be readily understood by reference to the 
accompanying wood-engravings, wherein the same letter refers always to the same part. 



Fig. 1 is a front view, the plain glass reflector being in operation. Fig. 2 is a view of 
the under side, the plain glass being still in position for use. Fig. 3 shows the glass 


* A method for silvering glass has been described by myself and Dr. MUllee in the * Monthly Notices 
of the Astronomical Society,’ vol. six. p. 171. 
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reflector drawn out so as to place the silvered surface in the field, f is the socket- 
adapter, which screws into the telescope ; it has a slit cut into it to receive a pin fixed 
on the sliding tube, the object of which is to keep the position-lines *of the eyepiece, 
when once adjusted, in their proper position ; e is the glass reflector, the half towards d 
being silvered, that towards e plain; d is a covering to protect the sliding reflector; 
b is a circle fixed to the body of the eyepiece, having one quadrant divided into nine 
spaces of 10° each ; a is an index attached to a positive eyepiece, which can be moved 
by it through an arc of 90° ; c is a graduated sun-shade, composed of a wedge of dark 
glass and another of white glass, reversed in position, so as to form, when combined, a 
parallel plate. This is held firmly in its place by means of a spring, shown in fig. 3, 
which, while it holds the shade firmly in any required position, also allows its instant 
removal at pleasure. The glass reflector e , as soon as the observer desires to use the 
silvered surface, can be drawn forward in a small fraction of a second, without disturb- 
ing any other part of the instrument. 

In the focus of the positive eyepiece was fixed a piece of parallel glass on which were 
etched several lines ; this micrometer-plate was carried round with the eyepiece when- 
ever the index, a (figs. 1 & 3), was moved. A reference to Plate VI., which contains 
a fac-simile of my hand-drawings, and also a representation of the position-lines, will 
render clear the following explanation. Four principal lines on the glass plate formed a 
tangential square calculated to enclose exactly the moon’s disk, which in fact it accom- 
plished with great precision ; four other lines surrounded the first square at the distance 
of exactly 1' of arc ; and a third series formed a third square at the same distance from 
the second. Joining the angles of the squares were two diagonal fainter lines, which 
served to measure angles of position, while the several squares served to measure 
distances. The angles of the tangential square may be designated A, B, C, D. As 
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soon as the axis of the telescope-stand had been adjusted in a vertical position by 
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means of screws affixed to the feet of the tripod-stand, and of a level attached to the 
vertical axis of the telescope, a distant mountain peak was made to run along one of the 
lines D A or C B by causing the telescope to turn on the vertical axis when the index 
of the eyepiece stood at zero ; and the position of the whole eyepiece was regulated by 
means of a slight axial adjustment of the sliding tube until the line in question, and 
the course of the object horizontally across the field, showed an absolute coincidence. 
The diagonal lines D and A were then each 46° from the zenith ; and the angle between 
the pole and the zenith at the period of totality being 47° 59', the wire D, to the west 
of the zenith, was 2° 59' east of the pole. This will readily be seen by the annexed 
diagram, which shows the apparent positions of the zenith and of the east, west, and 
south points in the field of the eyepiece, the zenith being represented in its natural 
position, but the east and west points reversed, right for left ; so that, in referring any 
measurement to D, 2° 59' must be added to reduce them to positions from the north 
point towards the east. 

At last the eventful 18th of July arrived, and appeared hopelessly cloudy. The sky 
was watched with the most intense anxiety by us all ; and I am free to confess that my 
nerves were in the most feverish state of agitation. Not the slightest break in the 
clouds or mist was visible until about 10 o’clock, when a streak of clear sky gave us the 
first faint gleam of hope. At noon the sky began to clear very generally, not so much 
by the clouds being carried off by the wind, as by their melting away in the air. An 
attempt was made to get an observation of the sun ; but the clouds were so dense that it 
was only just as he was passing away from the field of the telescope that his following 
limb could be made out. Soon after this the clouds, which had been dissolving and 
gradually becoming thinner, disappeared all at once ; and we had a magnificent sky, 
absolutely cloudless, except near the horizon. The heights towards the north in the 
direction of Pobes were perfectly free from mist ; moreover we could discern through 
the telescope Mr. Bonomi and Mr. J. Beck on a low hill a few miles to the west of our 
station, and it gave us pleasure to know that at least two of the several parties were as 
fortunate as ourselves. The mists surrounded the higher peaks of the Pyrenees so per- 
tinaciously that we expressed to each other great fears for our good friend Mr. Vignoles; 
for we were aware that he intended to carry out his plan of observations from one of 
the highest peaks, and we afterwards heard with the greatest regret that our apprehen- 
sions had been realized. 

About twenty minutes before the commencement of the eclipse, an occurrence took 
place which very nearly brought all our labours to a calamitous termination. Mr. Pres- 
ton had placed at our disposal his excellent and handy servant Juan, whom we had 
always found obliging, and very ingenious in expedients whenever any temporary arrange- 
ments had to be made. In order that he might have an opportunity of looking at the 
eclipse, I smoked a piece of glass for him with a wax lucifer-match, and he then, on his 
own account, prepared several pieces for the bystanders in a similar way. The demand 
soon increased so much, that he was scarcely able to keep pace with it, and at length 
became so excited that he threw away the matches in all directions without extinguish- 
ing them, and some, falling in the standing com, set it on fire. The com was very thin, 
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and fortunately the wind was blowing from the position of the fire towards the thrash- 
ing-floor ; otherwise but a few minutes only could have elapsed before the conflagration 
would have assumed such dimensions as to be beyond the power of man to control. 
Happily, a few seconds after the occurrence, the crackling sound and the smell of 
burning straw drew my attention to the spot, and, water being at hand, the fire was got 
under before it had spread more than a few feet. 

The Alcalde of Miranda had intimated to me, a few days before, that he was in- 
structed to place at my disposal as many of the civic guard as I might think neces- 
sary to prevent interruption; but my experience of the consideration evinced by the 
Spaniards was such, that I replied that one or two would be quite sufficient. Shortly 
before the commencement of the eclipse, there arrived five mounted guards, who were 
of great use in preventing the crowd from encroaching on the thrashing-floor, which an 
excusable curiosity to watch our proceedings tempted them often to do. It is right to 
add that I could not persuade the guards to take any present whatever, their reply 
being that their orders on this head were imperative, and that, moreover, they had felt 
pleasure in being of service. When we were on the point of commencing our observa- 
tions, about 200 persons had assembled round our observatory, and, although they con- 
ducted themselves perfectly well in other respects, their talking quite prevented my 
hearing the beats of the chronometer. They seemed to think that the eclipse could 
only be seen from my station ; and it was with some difficulty that a number were per- 
suaded to go to an adjoining height, whence the effects on the landscape and the 
progress of the shadow could really be better observed. I explained this, through the 
kindness of a gentleman from Miranda who spoke French, and who showed his faith in 
what 1 stated by leading the way. The Alcalde of Rivabellosa, Civilo Guinea, to whom 
I was indebted for facilitating my operations, explained to those who remained around 
the station the necessity for silence, and they thenceforth carried on their conversation 
in a tone which caused us no inconvenience. It is indeed impossible to speak too highly 
of the good feeling manifested throughout by the Spaniards of all grades, who endea- 
voured in every way to promote our objects. 

Owing to my pocket chronometer having tripped, and become many minutes fast of 
Greenwich mean time, some confusion arose about the period of first contact, and a 
photograph, which it was intended to procure as close as possible to that event, was lost 
in consequence of the plates being prepared too soon, and none being ready when it 
actually took place. The error of the pocket chronometer was only discovered when it 
was too late, and it was then found to be faster than Frodsham 3094 by 8 min. 11 sec. 


The first contact was observed at 1 h. 56 min. 55 beats. 

b m sec. 

5 beats to 2 seconds * . . 1 56 22 

m Bee. 

Error, fast of Frodsham 811 

Error, Frodsham fast of Greenwich mean time . . . 4*4 _ 8 16*4 


Making the observed Greenwich mean time of first contact to be 1 48 6*6 
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The occultation of the largest solar spot, which I call c, h m sec. 

occurred at 2h. 10 m. 125 beats =2 10 50 

IT- 

Deducting the difference between the pocket Frodsham 

and Frodsham 3094 

It gives 2 2 39 

as the time by Frodsham 3094. This agrees within 0 5 second of the time noted by 
Mr. Beckley when a photograph of the phenomenon was taken in accordance with my 
signal, namely, 2 h. 2 m. 39 ’5 secs. Attention is called to the very exact accordance of 
the times recorded by myself and by Mr. Beckley, because I shall hereafter have to draw 
attention to certain conclusions which I have deduced, the soundness of which is depen- 
dent in part upon the epochs of the photographs having been accurately registered by 
Mr. Beckley. 

After the occultation of the spot c, nothing worthy of record occurred until about 
2 h. 12 m., when a cluster of clouds formed very rapidly and unexpectedly in the imme- 
diate neighbourhood of the sun, and completely put a stop to both optical and photo- 
graphic observations. The clouds melted away about six minutes after they had formed, 
and thenceforward until the end of the eclipse all went on without interruption. 

I had never before witnessed so great an obscuration of the sun as tljat presented by 
this eclipse many minutes even before the totality occurred, and I was particularly 
struck by the change of colour in the sky, which had been gradually losing its azure 
blue and assuming an indigo tint, while at the same time I remarked that the sur- 
rounding landscape was becoming tinged with a bronze hue, which to my mind sug- 
gested the idea that the light of the sun near the periphery is not only less intense than, 
but possibly different in quality from, that of the centre*. Spectrum experiments at 
future great eclipses, when the sun’s crescent is reduced to an extremely narrow line, 
would set this question at rest, and might also have an important bearing on the line of 
investigations so ably inaugurated by KiRcmiOFP and Bunsen, into the composition of 
the sun’s atmosphere. Another phenomenon could not fail to attract attention. When 
the sun’s visible disk was reduced to a very narrow crescent, the shadows of all near 
objects became extremely black and sharply defined, whilst the lights, by contrast, 
assumed a peculiarly vivid intensity, the aspect of nature strongly recalling to mind the 
effects produced by the illumination of the electric light. Several minutes before the 
totality, the whole contour of the brown-looking lunar disk could be distinctly seen in 
the heavens. 

Only a few brief seconds, unfortunately, could be spared frQm the telescope after the 
totality had actually commenced ; but when I had once turned my eyes on the moon 
encircled by the glorious corona, then on the novel and grand spectacle presented by 
the surrounding landscape, and had taken a hurried look at the wonderful appearance 

* In connexion with this remark, compare Sir John Hebschel on the Chemical Bays of the Spectrum. 
Philosophical Transactions, 1840, Art. 82. " 
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of the heavens, so unlike anything I had ever before witnessed, I was so completely 
enthralled, that I had to exercise the utmost self-control to tear myself away from a 
scene at once so impressive and magnificent, and it was with a feeling of regret that I 
turned aside to resume my self-imposed duties. I well remember that I wished I 
had not encumbered myself with apparatus, and I mentally registered a vow, that, if a 
future opportunity ever presented itself for my observing a total eclipse, I would give 
up all idea of making astronomical observations, and devote myself to that full enjoy- 
ment of the spectacle which can only be obtained by the mere gazer. 

Although, possibly, not more than twenty seconds were devoted to observations with 
the unassisted eye, the phenomena remain strongly impressed on my memory, and at 
the time of writing this account, sixteen months after the event, I have it now pictured 
before me mentally, as vividly as if it had but just occurred. The darkness was not 
nearly so great as I had been led to expect from the accounts which I had read of 
former total eclipses ; and although I had a lantern at hand, I did not require it, either 
in making my drawings or for reading the divisions of the micrometer quadrant on the 
eyepiece. The illumination was markedly distinct from that which occurs in nature on 
any other occasion, and certainly was greater than on the brightest moonlight night ; 
and yet, at the time, the light appeared to me less than what I remembered of bright 
moonlight. It was only by subsequent trials, in endeavouring to make out details of 
the drawings which I had made of the phenomena, and to distinguish between colours 
under various circumstances of moonlight and twilight, that I was able to form a 
proper appreciation of the amount of light ; and the best account I can give of it is, 
that it most resembles that degree of illumination which exists in a clear sky soon after 
sunset, when after having made out a first-magnitude star, other stars of less brilliancy 
can be discerned one after another. The light was good enough and sufficiently poly- 
chromatic to enable me to distinguish the colours of near objects ; but those in the 
distance appeared to be illumined by the most unearthly hues. 

Immediately surrounding the corona, the sky had an indigo tint, which extended to 
within about thirty or twenty-five degrees of the horizon, while lower down it appeared 
to me to be modified by a tinge of sepia. It became red as it approached the horizon, 
close to which, and just above the mountains, it was of a brilliant orange. The moun- 
tains appeared, by contrast, of an intensely dark yet brilliant blue. I saw two stars to 
the east of the sun, which by the aid of Mr. Hind’s diagram I have since identified as 
Jupiter and Venus ; but I had not time to search for more, or, most probably, I should 
have seen others. These planets, and also Castor, were made out by Messrs. Robert 
Swanson, IIarey Edmondb, and Matthews, in the employ of Messrs. Brassey and Co., 
and were identified by them in my copy of Mr. Hind’s diagram. 

The effect of totality upon the bystanders was # most remarkable. Until the beginning 
of totality, the murmur of the conversation of many tongues had filled the air; biit 
then in a moment every voice was hushed, and the stillness was so sudden as to be 
perfectly startling ; then the ear caught the sound of the village bells, jvhich had been 
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tolling unheeded during the eclipse, and this circumstance added much to the solemn 
grandeur of the occasion. 

The time I could spare was far too short for any exact observations of the corona ; 
however, I knew that Mr. Pritchard, Mr. Oom, Mr. Bonomi, and other observers 
intended to make special delineations and measurements of that phenomenon, and I 
therefore confined my attention to its general characteristics. It appeared to me to 
glow with a silvery-white light, softening off into a very irregular outline, while from 
its general boundary shot out several long streamers. It extended generally to about 
0*7 or 0*8 of the moon’s diameter beyond her periphery. Close to the moon, and reach- 
ing not further than 2', the light was very brilliant, and several zones of gradations of 
brightness appeared to exist, but the very bright zones would all be comprised in a 
circle about 0*25 of the moon’s diameter. 

The observations just recited were made in the brief interval I could afford between 
the telescopic observations, which I will now proceed to describe. In order to facilitate 
my operations, I had prepared two diagrams exactly representing the appearance of the 
micrometer lines in the telescope, and, by chance, I had made the tangential square of 
such dimensions as to include a circle precisely 4 inches in diameter, which had been 
coloured to render it more readily distinguishable, and which represented the moon. 
Four inches happened to be almost exactly the diameter of the moon’s disk on the screen 
of the heliograph ; so that, later on, the photographs and the two drawings made during 
tho totality, were readily compared by the superposition of each upon each. 

On the diagrams I had painted fifteen streaks of various tints, some of which I 
believed might resemble the colour of the prominences, and some I knew would be 
useful as a contrast, to enable the eye to form a more correct judgment. The chromatic 
scale I here insert contains a selection of the tints painted round my diagram. 

SCALE OF COLOURS WITH WHICH THE PROMINENCES WERE COMPARED. 


Several minutes (probably five) before totality, I entirely removed the dark glass, and 
found that the sun’s image might be looked at without the slightest inconvenience after 
reflexion by the plain glass. I could then see in the telescope, as I had shortly before 
seen with the naked eye, the whole of the lunar disk, which appeared of a deep sepia 
brown, nearly, but not quite, black, and, to my great surprise, I perceived a luminous 
prominence, about 20° to the west of the zenith, shining with great brilliancy, although, 
on account of the plain-glass surface being then in use, the greater part of its light 
MDCCCLXIl. 3 c 
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passed through the glass, and was therefore not reflected to the eye. I theh, cautioujsly, 
but rather quickly, brought into action the silvered surface, and beheld with delight 
that the luminosity of the ^prominence, which I will call A*, was so great that there 
could be very little doubt of our obtaining the much wished-for photographic pictures. 

I now watched carefully for the so-called Baily’s Beads, but no such phenomena pre- 
sented themselves, — at which, however, I felt no surprise, for I had always believed that 
they arose, in all probability, from the atmospheric disturbance of an image formed by 
a telescope wanting in perfect definition. The Dallmeyer I used was so perfect that 1 
did not think I should see anything of the kind. 

To the east of the zenith, about 20°, a floating cloud, quite detached from the moon’s 
limb, and distant from it more than 0 !, 5, next attracted my attention. This cloud, which 
I will call C, appeared about l'*5 long, and was inclined about 50° or 60° to the moon’s 
limb. It had two curvatures, both convex on the edge most distant from the moon, and 
was decidedly of a rose tint, but of a much paler hue than the published accounts of 
previous eclipses had led me to expect. I compared the prominence carefully with my 
scale of tints, and found that it very nearly matched the colour marked c. It must 
therefore have been of a yellowish pink (approaching a salmon) ; for c on my chromatic 
scale was a mixture of carmine and cadmium yellow. This prominence (C) presented a 
great amount of detail, and reminded me of the aspect of a cirrus cloud glowing with 
the illumination of a setting sun. I should here remark that, in comparing my scale 
of colours with the luminous prominences, I depended on the general light of the 
heavens, and that I did not employ my lamp, which, I found, completely changed their 
appearance. 

The prominence A was generally more brilliant, and did not seem to me to be so pink 
as the detached cloud ; I could, moreover, detect a tinge of yellow in its brilliant light. 
It also showed considerable structure, appearing to consist of several streaks, curved 
inwards, while from the summit came two peach-coloured faint streamers, bending over 
in opposite directions downwards towards the moon’s limb. 

I paid most particular attention to the prominence A, because I knew from its posi- 
tion that it was critically placed for the observation of any change of position-angle in 
reference to the moon’s centre ; and I also remarked carefully the prominence C, and 
sketched all that I could make out by the most careful scrutiny. On comparing my 
drawings with the photographs, it will be perceived that a certain boomerang-like promi- 
nence in the photograph is wanting in my hand-drawings, and that there are also other 
prominences visible in the photograph which are not shown in the drawings. This is a 
curious circumstance, hereafter to be more particularly dwelt upon ; but it is right to 
mention it here, because it affords me the opportunity of saying that, at all events, as 
regards the boomerang, I am certain that it was not visible in the telescope ; for I observed 
so carefully in the neighbourhood of the floating cloud, that it is next to an impossibility 
that such an object could have escaped detection. 

* See Index Map, Plate XV. 
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In the eastern quadrant (in reference to the zenith) a long line of prominences, 
extending over 70° on the moon’s limb, was visible at the commencement of the totality, 
but before the end of totality it was covered by the lunar disk. This streak (which 
I call I) terminated in a hook, about l'*5 high, bent upwards, and was much indented 
on the concave side , where it was in contact with the moon’s edge. It was extremely 
brilliant, and, although it presented in parts a pink colour, was not uniformly so coloured, 
but to my eye had here and there a considerable admixture of yellowish white. In the 
first photograph of the totality is depicted a curious branching prominence, not unlike 
the fallen stump of a tree, which I did not observe, and therefore did not record in the 
sketches. I do not state so positively that this prominence was not visible, for this 
reason, that I did not pay such special attention to that part of the field, my eye being 
directed more particularly to^the prominences A and C ; but 1 have a strong impression 
that it was not visible. Just about the part where this would be, the corona .appeared 
to me, in the telescope, to be particularly bright ; but, besides a mere sheet of brilliant 
light, I saw nothing to delineate. 

About half a minute after the commencement of totality, the progress of the moon 
uncovered, in the western quadrant (in reference to the zenith), a small peak, like that 
of a mountain, which I will call R. As the eclipse progressed, this prominence became 
more and more uncovered, and Smother smaller peak appeared, the whole contour 
reminding me somewhat of the hull and masts of a ship in full sail. Just before the 
reappearance of the sun this prominence reached apparently about V'5 beyond the 
moon’s limb. 

Extending from the southern base of this prominence, there came into view, about a 
minute before the end of totality, a long streak of prominences much indented and irre- 
gular on the concave side. This streak extended over fully 50° on the moon’s limb, 
when it had been fully uncovered by her onward course. It was pretty generally of a 
decided rose tint. Just previously to the reappearance of the sun, I remarked a sort of 
carmine glow near that part of the moon’s limb where the crescent of the sun was first 
re-formed. 

Plate VI. is a most exact fac-simile of the two drawings, black representing white, 
which I made during the totality, and it is desirable that I should make a few remarks 
about them. 

Figure 1 was be£un, as nearly as I can recollect, about thirty seconds after the com- 
mencement of totality. As a preliminary step, the moon’s disk was brought exactly within 
the tangential square, and the position of the prominence A, in respect of the line D, 
was noted first of all, and at once marked down on the left-hand diagram ; the hook I 
was then referred to the line B, and the mountain R to the line D, the latter being 
registered with great care. The floating cloud and the other prominences were then 
filled in, possibly not quite so carefully. The details were next drawn in, black repre- 
seating white, and the first diagram was completed as rapidly as possible, yet as faith- 
fully as the short time at command would permit. I was aware, whilst so occupied, 

3 c 2 
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that by the addition of detail after detail in the several prominences I was exaggerating 
their dimensions; but there was too little time to spare to rub out and commence 
anew. 

When the first drawing was completed, about a minute and a half after the com- 
mencement of the totality, I looked away from the telescope in order to make the eye 
observations which I have already described, and before I resumed my work at the 
telescope an interval of half a minute may have elapsed, but certainly not more. The 
next thing I did was to measure the angular position of the prominence A ; and after 
bringing the moon well into the tangential square, I moved the wire D through the arc 
necessary to bring it into contact with the side of that prominence nearest to D, which 
brought the index to an exact coincidence with one of the divisions on the quadrant ; I 
noted down 10° for the angle moved through ; but this is an evident error, for the angle 
was as nearly as possible 20°, which, added to 2° 59', makes the position-angle of the 
western boundary of that prominence 22° 59', from the north towards east, which is not 
far from its true position at that time. 

Whilst measuring this prominence, I asked Mr. Reynolds, whose allotted task it was 
to develope the photographs after their exposure in the heliograph, whether anything 
could be seen on the first plate of the totality ; and learning, with a thrill of intense 
pleasure, that the operation had completely succeeded, I made no further measurements, 
knowing full well that I should get them far better in the photographs. 

Immediately after this, I commenced my second drawing, given in Plate VI., and 
noted down the position of the prominences A and R very exactly, by referring them 
to position-line D ; and I then filled in the other details. As very little time remained 
for the completion of the drawing, I devoted my attention chiefly to the prominence R 
and a faint hooked prominence about 45° to the west of the position-line D, which did 
not imprint its image on the second photograph to the extent I should have expected 
from its dimensions in my sketch. 

Between the completion of the first sketch and the commencement of the second, 1 
estimate that there was an interval of about one minute, and that the second sketch 
was therefore commenced as nearly as possible 2£ minutes after the beginning of 
totality. 

Thus, before commencing sketch No. 1, there elapsed, 

min. sec. 


From the beginning of total obscuration 0 30 

To complete No. 1 sketch it required 1 0 

Time consumed by eye observations, away from the telescope . 0 30 

The measurement of prominence A occupied 0 30 

Interval elapsed from the beginning of totality to the com- 
mencement of sketch No. 2 2 30 


By placing a horn protractor on the original sketches,, the following measurements 
were made : — 
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Protuberance. 

Synonym. 


Distance from position lineD towards east, 

Part measured. * 

in degrees and decimals of a degree. 


. 


First drawing. 

Second drawing. 

A. 

f Cauliflower. j 
IWheatsheaf. J 

First boundary, a * . 

2§-0 

25-0 



Second boundary, ci . 

28-0 

24-5 



Middle . . . . 

26-5 

22-25 

C. . 

Detached cloud. 

First point, c . . . 

58*7 

49-0 



Last point, d . . . 

69-0 

58-5 

R. 

Mountain peak. 

First point, d . . . 

347-0 

343-5 


In order to reduce these measures to position angles from the North towards East, it 
is necessary to add to them 2° 59', say 3°, which will give us — 



First drawing. 

Second drawing. 

Apparent angular motion 
in the interval. 

A. Middle .... 

28-5 

2^-25 

3-25 

C. First point, c . . 

61-7 

52-0 

9-7 

It. First point, d . . 

350-0 

346-5 

3-5 


As I before stated, the positions of A and It were laid down with great care ; and it 
will be hereafter seen that their deviations from the positions given by measurements 
of the photograph are remarkably small. The measurement of all the details, however, 
do not agree so well, because the same care could not be devoted to the laying down of 
their positions. 

These drawings show that there was a decided angular shifting of the luminous pro- 
minence A, and of others, in reference to the moon’s centre ; and taking into account the 
probable interval between the two drawings, namely two minutes, the amount of angular 
motion of A is a very near approximation to the angular change which must actually 
have occurred. As mentioned above, there is in the drawings an exaggeration of the 
dimensions of the prominences, which renders them unfit for the precise determination 
of the moon’s actual progression in the line of motion during the period of totality ; 
nevertheless they afford excellent evidence that there was, in fact, a covering and an 
uncovering of prominences, which, taken in connexion with the change in the position- 
angle of the protuberance A with reference to the moon’s centre, can only be explained 
on the assumption that these extraordinary appendages belong to the sun, and not to the 
moon. 

Furthermore, it would be quite possible to make out, with considerable although not 
with absolute accuracy, from these drawings, the direction of the moon’s motion, and the 
extent to which the prominences first seen were obscured by the progress of the lunar 
disk, and others uncovered on the opposite side as the moon continued her course. For 
instance, it will be remarked on inspection, that the streak of prominences, almost 1' in 

* The letters refer to the index map, Plate XV. 
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height, depicted in the eastern quadrant of fig. 1, Plate VI., is almost entirely covered in 
fig. 2, and that the difference of position of the moon in the two pictures, when measured 
by a suitable scale, indicates a motion of about 50" in the interval of two minutes which 
they include, — a result very near to the truth, for the actual progression in that period 
was 54"-5. The photographs, however, as will be hereafter seen, are so much better 
adapted for such determinations as these, that it is not worth while to dwell more upon 
the conclusions to be derived from the hand drawings. 

In the two coloured drawings, Plates VII. and VIII., I have depicted the- result of 
my telescopic observations ; to facilitate my doing which at some future convenient time, 
I made a coloured sketch on the afternoon of the eclipse. This coloured sketch, the 
black-and-white dratvings made at the telescope and shown in fac-simile in Plate VI., 
together with my photographs, which I have not hesitated to use to correct any errors 
of position or dimension in the sketches, have enabled me to giA'e in these drawings what 
I believe to be a very truthful representation of the appearance of the prominences, 
immediately after the commencement and just before the end of totality. The corona 
I do not give as an absolutely true representation of that phenomenon, but as fairly 
resembling its general appearance. It has been derived from the photographs, so far as 
they show it. 

II. Account of the Photographic Observations. 

The Kew heliograph, with which the photographs were obtained, is represented in 
the accompanying engraving *. It was devised by myself, for the special object of 
making photographs of the sun’s disk, at the request of the Council of the Royal 
Society, in accordance with a recommendation to that effect by Sir John Hersciiel. 

It has an equatorial mounting of the ordinary form, after the so-called German 
model, to which is attached a clock-work driver. The tube is square in section, and 
larger at the lower end than at the upper or object-glass end. The object-glass has 
3 4 inches’ clear aperture and 50 inches’ focal length ; the primary focal image of the 
sun at his mean distance is 0 466 inch in diameter ; but before it is allowed to fall on 
the sensitive plate, it is enlarged to about 3‘8 inches by means of an ordinary Huyghe- 
nian eyepiece. In the plane of the focus of the posterior lens of this eyepiece are 
attached two position- wires, which cross at right angles, and which were adjusted, 
approximately, into a position at an angle of 45° to a parallel of declination. The 
object-glass is so constructed as to ensure the coincidence of the chemical and visual 
foci; but this coincidence being somewhat disturbed by the Iluyghenian secondary 
magnifier, the amount of adjustment required to effectuate the best chemical focus was 
ascertained very carefully by a series of experiments. 

* The engraving was copied from a photograph taken at Rivabellosa. The front boards of the observatory 
were taken out in order that this might be done. Mr. Downes, who was charged with the preparation of 
the plateB, is standing in the doorway leading to the developing room. Mr. Reynolds has a, plate-holder 
ready to place in the heliograph, and Mr. Beckley in observing the time with the chronometer. 
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For sun-pictures, and the photographs of the several phases of the eclipse, the aper- 
ture of the object-glass was reduced to about 2 inches in diameter by means of a stop ; 
but the light of the sun is so extremely powerful, that, even with this small aperture, 
combined with the enlargement of the primary image and its consequent reduction 
in intensity by 64 times, the shortest exposure possible with the ordinary means of 
uncovering and covering the object-glass would be far too long, and would give none 
but solarized pictures. For this reason the instrument has attached to it an instanta- 



neous apparatus of a peculiar construction. It consists of a sliding plate with a square 
aperture sufficiently large to permit of the passage of all the rays; this aperture is 
fitted with a sliding piece, actuated by a screw which projects through and a few inches 
beyond the telescope-tube; by means of this screw the aperture may be completely 
opened, closed, or reduced to a slit of any required width ; a divided scale being affixed 
to the screw for that purpose. The projecting screw connected with the slide is shown 
in the engraving, on the underside of the tube. 
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Previous to taking the picture, the sliding plate is drawn up just so high that the 
unperforated part of it completely shuts off the sun’s image ; it is held in this position 
by means of a small thread attached to it at one end and looped at the other, the loop 
being passed over a hook on the top of the tube ; and the slide is pulled downwards, in 
opposition to the thread, by means of a spring of vulcanized caoutchouc attached 
to the inferior side of the tube. When the picture is about to be taken, the retaining 
thread is set on fire*, and the rectangular aperture, as soon as the sliding plate be- 
comes released, flashes across the axis of the secondary object-glass — thus allowing the 
different parts of the sun’s image to pass through it in succession, and to depict them- 
selves one after another, after enlargement, on the collodion-plate. Although the time 
of exposure is so short as to be scarcely appreciable, yet it is necessary to regulate its 
duration ; and it is therefore controlled by adjusting, 1st, the strength of the vulcan- 
ized caoutchouc spring ; 2ndly, the width of the aperture. In practice, the opening is 
usually varied between one-twentieth and one-fortieth of an inch. 

A number of plates, with ground rims and edges, were cleaned in London, so as to 
permit of their examination, and all defective ones were rejected; forty-eight selected 
plates were then numbered consecutively, and arranged in boxes marked very distinctly 
A, B, C, D, so as to ensure their being taken out in the proper order during the eclipse. 
The heliograph was furnished with three plate-holders, in order that no interruption 
might occur in the succession of the photographs ; and as these were filled, they were 
placed in such a way that each plate was sure to be exposed in its numerical order. A 
few spare plates were also cleaned, and marked A, B, C, D, E, F, G, H, I, &c. 

On the day previous to the eclipse the plates were again carefully cleaned, and 
replaced in their proper order in their respective boxes. 

On the 18th the following plates were placed in the heliograph, and the time of 
taking each photograph noted by Mr. Beckley, with any requisite remarks. The time 
was observed with Frodsham No. 3094, whose error at Greenwich mean noon was, as 
already stated, fast of Greenwich mean time 4-6 seconds, and whose daily rate was losing 
2*1 seconds. The exact time of depiction was ascertained by listening to the click which 
the instantaneous slide made in striking home upon a stop, when it had flashed across, 
in front of the secondary magnifier. 

* Mr. Ci.ark, who undertook this task, is represented in the engraving with a lighted taper in his hand. 
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No. or 
letter. 


Remark*. 

No. or 
j letter. 


Remarks. 




BOO. 





sec. 



h 

m 

IT 



h 

m 

IT 


i. 

23 

38 

1 

Through a cloud. 

22. 

2 

48 

60 

Occultation of spot b . 

2. 

... 



Spoiled. 





f A solarized picture, in conse- 

3. 

.... 



Spoiled. 

23 

2 

51 

53 

J quence of the full aperture 

4. 

0 

23 

105 


*u» 




| being used and the instanta- 

A. 

0 

29 

45 






L neous slide being detached. 

B. 

0 

34 

34 


24. 

2 

55 

88 

Id., the time uncertain. 

C. 

0 

42 

24 


25. 

# 9 # 

.... 


Totality; time not noted. 

D. 

0 

49 

93 


26. 

• • • 

• • • ■ < 


Totality; time not noted. 

E. 

1 

3 

23 






f Shaken by wind ; time not 

F. 

1 

13 

85 


27. 

• •• 1 



< noted ; the instantaneous slide 

G. 

1 

25 

45 






L had not yet been replaced. 

H. 

1 

29 

76 


28. 

3 

13 

116 


I. 

1 

41 

76 


29. 

3 

17 

32 

Reappearance of spot c. 

5. 

1 

45 

3 


30. 

3 

20 

24 


6. 

1 

47 

96 


31. 

3 

24 

35 

i 

7- 

1 

52 

71 

The first of the eclipse. 

32. 

3 

26 

112 


8. 

1 

56 

15 


33. 

3 

34 

12 


9. 

2 

2 

79 

Occultation of spot c. 

34. 

. . . • 

...., 


Spoiled. 

10. 

2 

3 

41 


35. 

3 37 

48 


11. 

2 

7 

21 


36. 

3 

41 

46 


12. 

2 

11 

31 


37. 

3 

44 

4 


].H 




Clouds. 

38. 




Forgot to uncover the plate. 

14. 

2 

20 

24 


39. 

3 

51 

116 

Spot a uncovered completely. 

15. 

2 

22 

97 


40. 

• • • • 



Forgot to uncover the plate. 

16. 

2 27 

103 


41. 

3 

59 

5 

Reappearance of spot 5. 

17. 

2 

33 

36 


42. 

4 

2 

96 


18. 

... . 



Spoiled. 

43. 

4 

5 

98 


19- 

2 

36 

43 


44. 

4 

10 

75 


20. 

2 

41 

55 


45. 

4 

16 

40 


21. 

2 

46 

46 








The diagram shows the appearance of the cross wires when projected on the glass 
screen. The image of the sun, being twice reversed, is finally depicted on the screen 
in its natural position, north being at the top, south at the bottom, cast to the left 
hand, and west to the right hand. In the positive photographs of the eclipse, printed 
from the negatives, the pictures are likewise erect, and the points similarly situated. 
Calling the wires I., II., III., IV., I. would have approximately the position-angle of 45°, 
II. 135°, III. 225°, and IV. 315°. In the measurements, hereafter to be described, the 
several photographs were so placed on the measuring instrument as to cause its circle 
to read respectively one or other of these angles, according as either I., II., III., or IV. 
was employed in adjusting the photograph, the correction to the measured angles, neces- 
sitated by the deviation of that wire from its assumed position in reference to a parallel 
of declination, being subsequently applied. 

The wires were found not to be absolutely at right angles. 

IV. — I. measured .... 89 69‘3 

I.— II 89 62 

II.— Ill . 90 8-7 

III.— IV 90 

360 0 
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At 4 h 35 m , when the heliograph was pointed to the west of the meridian, observations 
were made to determine the deviation of the position-wires, from an angle of 45° to a 
parallel of declination, by the method described by Mr. Carrington in the ‘ Monlhly 
Notices ’ of the Astronomical Society, vol. xiv. p. 153; and the observations were repeated 
on July 19 at ll h 55 ,n , when the heliograph was pointed east of the meridian. 

July 18, 4 h 35 m , by Frodsham 3094 uncorrected. 

The sun’s limb made contacts with wires I. and III. 


at an interval of 


Sum 


sec. 

194 

195 
193 
582 


and with wires II. and IV. 

at an interval of 


188-5 

„ 191 

„ 1 88 

567-5 

582 log =3*7649 
567-5 log =3-7540 

Angle of <p 45° 43'*5 log tan. =0*0109 


July 19, ll h 55 ,n . 

The sun’s limb made contacts with wires I. and III. 

at an interval of 


59 


Sum 


sec. 

189-5 

188 

377*5 
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and with wires II. and IV. 

at an interval of 


193-5 

193 


Sum 


386-5 


whence angle <p=44° 19'-5. 


• h min. 0 . 

At 4 35 p.m. 45 43-5 

At 11 55 a.m. <p= 44 19-5 


Interval 4 40 diff. + 1 24-0 

Interval . . . . = 280 =-|- 84 

+ 84 

~ 2 yjj == +0'-3 the change of the angle <p in 1 minute. 

h m sec. 

No. 6 photograph was taken at ... . 1 47 48 

Deducting .... 1 1 55 0 

1 52 48=112-8 min. 

112-8 x0'-3= 34', 44° 19'-5-|-34'= 4° 53'-5, the position of wire I. in reference to a 
circle of R.A. at the epoch of No. 6 photograph ; hence the correction to be applied to 
the assumed position of ^5° is — 6'-5. 

With the foregoing data has been calculated the following Table of corrections, to be 
applied to the assumed position of the wires at the epochs of the several photographs. 


No. 

Correction to 
the wires. 

No. 

Correction to 
the wires. 

No. 

Correction to 
the wires. 

6 . 

- 6-5 

20 . 

1 

4 - 9-5 

32 . 

+ 23-2 

7 . 

— 5*1 

21 . 

4 - 11-0 

33 . 

4 - 25-4 

8 , 

— 4-0 

22 . 

4 - 11-7 

35 . 

4 - 26-4 

9 . 

- 2-0 

23 . 

4 - 12-6 

36 . 

4 - 27*6 

10 . 

- 1*8 

24 . 

4 - 14-0 

37 . 

4 - 28-4 

11 . 

- 0-7 

25 . 

4 - 1 5-5 i 

39 . 

4 - 29*8 

12 . 

+ 0-5 

26 . 

4 - 16-5 | 

41 . 

4 - 31-9 

14 . 

+ 3-2 

27 . 

4-18 

42 . 

4 - 33-0 

15 . 

+ 4-0 

28 . 

4 - 19-4 

43 . 

4 - 33-9 

16 . 

+ 5-5 | 

29 - 

4 - 20-3 

44 . 

4 - 35-3 

17 . 

+ 7-1 | 

30 . 

4 - 21-2 

45 . 

4 - 37-0 

19 . 

+ 8 -o : 

31 . 

4 - 22-5 { 


i 


In these corrections I have not taken into account a small error in the computed 
angle of <p, which arises in consequence of the wires not being at right angles ; for, on 
examining them, I found that the heat of the sun had caused a curvature in one, and I 
could not, without much trouble, have ascertained the correction with precision. It 
was computed that it would not, however, amount in any case to more than My 

measurements of position-angle, hereinafter given, are moreover liable, from the diffi- 
culty of adjusting the photographs, to discordances to the like extent, as will be easily 

3 d 2 
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conceived when it is stated that 2' on the sun’s limb do not occupy more than the space 
of TsVoth of an inch on the photographs obtained with the Kew heliograph. 

At the moment of taking the photographs, the collodion was in a soft and moist con- 
dition, but subsequently, when the measurements were made, it had become dry. It 
became, therefore, not only a matter of interest, but of fundamental importance, to ascer- 
tain whether there had been any contraction of the collodion while drying, and, if so, 
whether the contraction had been uniform. Much care and attention were necessary 
in order to determine this point. By observing the positions of specks on the glass in 
respect of markings on a photograph while wet, it could be seen whether they retained 
their relative positions when the collodion had dried. The result, however, proved that 
there was no appreciable contraction, except in thickness, and that the collodion film 
did not become distorted, provided the rims of the glass plate had been well ground. I 
cannot show this more strikingly than by citing the measured radius of the sun on two 
photographs, namely, Nos. 6 and 45, and the measurement of the angles between the 
position-wires depicted on them. The radius of the sun No. 6 was found to be 1906*5, 
that of No. 45 1906 0 thousandths of an inch. 


No.’ 6 . . 

No. 45 . . 

Diff. 6—45 


Angle between 
IV. and I. 

89 59*3 

90 2 

Angle between 

1. and II. 

89 52 | 

89 53 

1 Angle between 

1 11. and 111. 

i 

90 8*7 

90 6 

Angle between 
III. and IV. 

o t 

90 0 

89 58*5 

-2*7 

r i i 

+ 2*7 

+ 1*5 


These differences, which are extremely small, do not exceed those obtained in mea- 
suring at different times the same photograph, and depend somewhat on the judgment 
exercised in causing the images of the position-wires to be bisected exactly by the wire 
of the microscope. 


Photographs of the various phases of the partial eclipse, either previous to or after 
totality, exhibit a very curious phenomenon. The concave edge of the sun in immediate 
contiguity with the moon’s limb, appears brighter than the other neighbouring parts of 
the crescent,, while the convex limb of the sun bordered by the dark background of the 
sky, does not appear at all brighter than its proximate parts. This brightening of that 
part of the sun’s disk which borders on the moon’s limb, extends only for the space of a 
narrow line beyond the latter, but is remarkably conspicuous. As it cannot be accounted 
for by assuming the existence of a lunar atmosphere, it naturally excited a desire to 
trace out its cause. The Astronomer Royal, to whom I pointed out the fact, ascribed it 
to the effect of contrast, and I have subjected this hypothesis to the test of experiment 
in the following manner : — Having made some photographic prints of the sun’s crescent 
on paper, which showed the appearance in a striking manner, I cut out about half of 
the crescent with sharp scissors, in such a way that the visible surface of the sun might 
be lifted up like a tongue, and replaced in its normal position within the background at 
pleasure ; on smoothing the part so cut out, and causing it to occupy its original place, 
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the bright line was apparent, but it disappeared when the crescent was lifted up, and a 
sheet of white paper was interposed between it and the dark ground of the photograph. 
These phenomena occurred when the photograph was examined with the naked eye, 
with the aid of spectacles, or, from a short distance, with a sharply defining telescope by 
Ross. Viewed in either of these ways, the brightenirig was found to begin immediately 
beyond the edge of the white gaper as it was introduced more or less under the crescent. 

For the purpose of illustrating this paper on the occasion of its being read before the 
Society, I prepared a representation of one of the photographs of partial phase, 3 feet in 
diameter, in which, bearing in mind the well-known fact that there is on the solar disk 
a gradual diminution of the intensity of the light from the centre to the periphery, I 
carefully reduced the brightness of the solar crescent in due gradation towards the con- 
vex boundary. In the first instance the background was not painted in, and I expected 
that when it was completed a brightening would immediately occur. Such, however, 
was not the case. 

On calling Professor Stokes’s attention to this failure in producing the phenomenon 
of brightening by artistic means, he suggested that I should renew the attempt by using 
a real photograph of the sun and a dark disk for the moon *. On this plan I succeeded 
in making eclipse-pictures artificially, which showed the brightening very distinctly. 
From these experiments I am inclined to believe that Mr. Airy’s explanation is the true 
one, although it is a curious subjective fact that the parts possessing superior illumina- 
tion exhibit to our perception an extremely bright line, bordering immediately on the 
dark limb of the moon, while the less bright parts towards the circumference present 
no such appearance, although they also are contrasted with the dark background. 

In order to study other points connected with the photographs, I had made, on glass, 
some enlarged copies, in which the moon’s disk was increased in some cases to 9 inches, 
in others to 13 inches in diameter. It was found that measurements could be made on 
these with considerable accuracy, by means of a graduated beam compass reading to 
thousandths of an inch, and I had proceeded to some extent in this way, when it 
occurred to me to have an instrument constructed expressly for measuring the original 
negatives. The study of the enlarged copies led, however, to a method of producing 
charts of the prominences with complete fidelity ; and the plan will, I think, hereafter 
prove applicable to the production not only of astronomical, but also of other graphic 
representations derived from photographs. In order to carry out this method, a table 
had to be constructed with a square hole cut in it somewhat smaller than the glass 
positive to be worked upon ; a recess surrounding the hole was made in the top of the 
table, just the size of the^lass, and of a depth corresponding to the average thickness of 
the plates. Four spring clips served to hold the glass firmly in its seat. Parallel with 

* For the lunar disk I employed photographic paper darkened to the same tint as the background of the 
solar photograph. These disks were in some cases neatly inserted in a circular hole in the solar picture, 
and in other cases pasted on it. In either case the surface was polished and made uniform by passing the 
picture through a rolling-press. 
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one side of the table were inserted two brass plates with long slots through which two 
screws worked. These screws passed through a straight edge, which could be adjusted 
so as to cause a right-angled drawing-triangle resting against it to assume any required 
position with respect to the image of the position-wires depicted on the photograph. A 
long glass mirror was attached to the frame of the table underneath the top, in such a 
way as to be adjustable to the angle best suited to reflect light through the transparent 
positive. In front of and above the table was placed an inclined screen formed of 
tissue paper, to diminish the direct light, a certain amount of which was required to 
show the position of the etching-point. Without the aid of this screen, the direct light 
would have been too powerful, and would have prevented the details of the transparent 
photograph from being seen by the light transmitted from below after reflexion from 
the mirror. 

In the first place, the centre of the picture was found, and marked with a diamond 
point. A drawing-triangle, with one angle of 90° and two of 45°, was now placed over 
the photograph, with one of its sides resting against the adjustable straight edge, when 
its hypothenusc would coincide approximately in direction with the images of the wires. 
By adjusting the straight edge, the hypothenuse of the drawing-triangle was brought to 
exact coincidence witli either of the wires, and the straight edge, against which it rested, 
was then (by means of the screws passing through it) clamped in position. By sliding 
the triangle along in contact with the straight edge, a line parallel with the wire was 
next set off* passing through the centre, and marked slightly on the periphery of the 
picture by scratching with a diamond point through the collodion film. On taking in 
the beam-compasses a chord corresponding to 45° plus the known -f- or — error of the 
wires, a circle of right ascension, or a parallel of declination, could be made to pass 
through the centre, and, the points of its intersection with the lunar disk having been 
marked, any angles of position could be ascertained, by taking the chord between any 
part of a protuberance to be measured and the normal points thus set off*. 

If it were desired to produce an etching of any photograph, the outline of the pro- 
tuberances or of the sun’s disk and spots, or of the crescent of the sun, as the case might 
be, was traced very carefully with an etching-point through the collodion, with the aid 
of a lens. When this had been done, the plate was warmed by holding it before a bright 
clear fire, and a piece of composition, consisting of a mixture of paraffin and white wax, 
rubbpd over it ; the heat of the plate caused the waxy mixture to melt, and thus a very 
even, thin, and translucent etching-ground was laid on the glass. The outline was now 
traced a second time, in this instance through the wax, and a camel-hair pencil, wetted 
with liquid hydrofluoric acid, was rapidly run over the parts traced. In about a minute 
the acid was removed with blotting-paper, and the plate rinsed with water, and again 
dried with bibulous paper. When quite dry, the wax was melted by holding the plate 
before the fire, and wiped off with a cloth. If the etching proved satisfactory, it was 
again covered with an etching-ground, then centered on the circular dividing-engine, 
and degrees and subdivisions set off, starting from a normal point previously marked on 
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the plate. It was then put on the straight-line engine, and a scale of minutes and 
seconds of arc set off from the moon or the sun’s periphery, in accordance with the 
previously calculated value in arc of subdivisions of an inch ; both sets of division were 
then etched in the same way as the outline. 

Sometimes, according to the position in which the photograph was taken*, the etching 
was performed at the back of the plate, to correspond with the previous tracing through 
the collodion on its face. In this case the collodion picture might be allowed to remain 
as “a witness” (as workmen call it) of the correctness of the etching. In other cases, 
if the original negative had been purposely turned over, so as to present the opposite face 
to the camera, then the etching was made through the collodion, which had to be 
removed before the subsequent operations about to be described were performed. 

An etched glass plate, if filled with printing ink, could be made to give a print by 
placing india proof-paper over it, and, after superposing a sheet of glazed paper upon 
this, rubbing the latter carefully with a burnisher; but it would not be advisable to 
attempt to take many impressions in this way. However, by the well-known processes 
of electrotype, copper duplicates of the glass plate can be procured, which can be printed 
from in the ordinary copper-plate press ; and as the glass plate is only used for furnish- 
ing the matrices, and is not injured thereby, the printing-plates may be procured with- 
out practical limit as to number. In this way Plates XIII., XIV., XV., XVI. and XVII. 
were obtained. The original glass plate of Plate XV. was, however, made in a some- 
what different manner from the others. Originally, it was a photograph of the sun ; 
after the outline of the sun and his spots had been etched, and the normal line marked 
thereon, the collodion was entirely removed, to permit of the plate being superposed, 
accurately, first over Plate XIII., and then over Plate XIV. Previously, however, 
Plate XV. was coated with the transparent etching-ground, and the luminous promi- 
nences depicted on Plate XIII. traced off, care being taken to ensure the parallelism 
of the normal line of one plate with that of the other, and internal contact between 
the peripheries of the sun and moon respectively. The same thing was done with 
Plate XIV., the prominences visible in the two pictures being placed in coincidence. 
In this way the pictures of the prominences could be made to assume their proper 
position around the sun’s picture. In order to facilitate this operation, a positive 
picture had been previously taken with the enlarging-camera, from both the original 
totality negatives laid one over the other, and combined suitably together, so as to form 
in one picture a correct representation of the whole of the prominences. When the two 
totality pictures had been traced off on Plate XV., a line was drawn to join the two 
positions of the moon’s centre, which had been set off from Plate XIII. and Plate XIV. 
respectively ; this line was then prolonged to show the path of the moon’s centre during 
the period of totality ; lines were also drawn to join these positions of the moon’s centre, 
and the sun's centre, and prolonged to the periphery of the sun, to indicate the points 
of disappearance and reappearance of the sun’s limb. When etched, this plate was 

* By placing the original negative in the copying-camera with the collodion film either turned towards 
the lens or away from it, the picture produced was either in its natural position or reversed right for left. 
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angularly divided concentrically with the sun, and a scale of minutes and seconds of arc 
etched, starting from the sun’s limb, by which means the prominences were referred to 
the sun’s centre, and their angles of position and heights above his periphery could be 
read off with a fair degree of accuracy. 

In the three Plates, XIII., XIV. and XV., a wrong correction was, however, applied 
for the errors of the wires in determining the zero of the angular divisions, namely -f-23 f 
for both totality pictures, instead of 15 f *5 for the first totality picture and +16'*6 
for the second ; so that in taking angles of position of the prominences, the readings on 
Plate XIII. must be corrected by applying the number — 7'*5; those on Plate XIV. by 
applying the correction — 6' - 5, and those on Plate XV. by applying — 7'*0. 

Moreover, a small error in determining the centre in Plate XIV. also interferes with 
tlie absolute correctness of the position-angles and of the heights of the prominences 
above the moon’s periphery. Subsequently to this being etched, I discovered the fact 
that the centre should have been placed about 5" of linear space nearer 270°, in a direction 
from 90° to that point, and 4" nearer 360°. The angular positions of some of the prin- 
cipal prominences, determined by measurement of the original negatives, will be herein- 
after givfcn, so that no difficulty will be experienced in correcting the position of the 
other prominences as read off from the Plates. The prominences in these Plates are 
represented in their natural (erect) position, and this is also the case with the sun-spots 
in Plate XV. ; the position-angles are laid down from North towards East. The North 
point (360°) is consequently at the top, the East point (90°) is on the left hand, the 
South point (180°) is at the bottom, and the West point (270°) on the right hand. 

In order to facilitate reference to the prominences, I have designated them on 
Plate XV. by capital letters, commencing with the prominence situated at right angles 
to the path of the moon across the sun’s disk, which I call A ; and I then follow on 
towards the east with the other capital letters, the small letters being employed, either 
alone, or with one or more dashes, to mark the subordinate parts. 

The three principal sun-spots are marked a, b, c in the order of increase of their 
several position-angles. 

In Plates XIII. and XIV. the details were drawn in on the back of the glass plate, 
and the collodion pictures still remain intact ; Plate XV. was drawn on the face of the 
enlarged positive, which had been taken intentionally in a reversed position, by reversing 
the original negative in the copying-camera. The correction in the position of the glass 
negative on account of its thickness was duly made ; that is to say, the totality pictures 
having been copied with the collodion turned towards, and the sun-picture with the 
collodion turned from the lens, the collodion was in this way carried from the lens a 
quantity equal to the thickness of the glass plate. The holder supporting the original 
negative was therefore moved towards the lens a similar quantity, and the relative sizes 
of the pictures, as a matter of course, remained undisturbed. 

Plate XV. will be found useful as an index map of the prominences, and will facilitate 
comparisons of the results obtained by the various astronomers who observed the eclipse. 
Moreover, the position of the sun’s axis being given on it, an idea may be formed by 
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mere inspection, of the general distribution in heliocentric latitude of these appendages. 
Plate XVI. was obtained by etching a positive copy of No. 22 photograph, and 
Plate XVII. by etching one of No. 28 photograph. These photographs were obtained 
with the same setting of the copying-camera as the sun-picture, the original of Plate XV. 
They show the contours of the sun and moon, and furnish a means for comparing the 
concave outline of the luminous prominences with the profile of the moon which was 
in juxtaposition with it. 

Reserving, for the present, an account of the measurements actually made on the 
engraved-glass originals of Plates XIII., XIV., and XV., I will proceed to describe a new 
measuring-instrument, and the measurements made by its means, not only of the totality- 
pictures, but also of the original negatives of the sun taken before and after the eclipse, 
as well as of the different phases of the eclipse. These consist of the direct measure- 
ment of the sun’s radius, the direct measurement of the moon’s radius (where possible), 
the measurement of the chord joining the cusps, the measurement of the distance 
between the chord and the peripheries of the sun and the moon, and also the distances 
of these peripheries, the determination of the angles of position of the cusps, and thbir 
angular openings, and, lastly, the position-angles of the luminous prominences. The 
heights of the prominences could not be determined by means of the micrometer, in 
consequence of an inadvertence x>n the part of the makers, who by mistake made it 
somewhat too small; here, however, the engraved-glass originals of Plates XIII., XIV., 
and XV. supply the numbers with sufficient accuracy, so that this oversight is of no 
practical moment. 

Figures 1 and 2 represent the micrometer in two different positions. 


Fig. 1. 
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In both figures the same letter is employed to designate the same part, capital 
letters being used for the principal parts, and the same small letter, either alone or with 
one or more dashes, for the subordinate details attached to it. S is a tripod stand sup- 


Fig. 2. 



ported on the legs s ; to this stand is firmly fixed the arm E, which supports the fixed 
microscope M in the centre of the instrument. This microscope can be adjusted to 
focus by means of the milled head shown in the engraving ; and its positive eyepiece 
can also be adjusted by sliding it up or down, so as to bring to focus wires crossing at 
right angles and fixed in the centre of the field of view in such a way that their directions 
correspond respectively with the positions of the slides A and B, presently to be spoken 
of. R, fig. 1, is a plain mirror, which is adjustable so that it may reflect light through 
the photograph. A is a slide to which are attached all the other parts of the appa- 
ratus ; it moves freely, and without vibration, between guide-bars fixed on the top plate 
of the tripod stand, and shown in fig. 1. The top plate of the tripod stand has a round 
hole in it, and the bottom plate of the slide A is perforated with a similar hole. 

A steel rod a", screwed for a certain distance at the point, works, into a tapped hole 
in the slide A ; by taking hold of the milled head the slide A may be’ rapidly moved 
the whole length of the guide-bars, the rod carrying with it the clamping-piece with its 
two screws ci'\ a!". These clamping-screws slide through two slotted holes in the top 
plate of the stand ; when the nuts a"', a' u are screwed tight the slide is held fast, but by 
turning the milled head a" the micrometer screw is also turned, and the slide can be 
moved for any short distance. * 

Attached to the slide, and moving with it, is a scale a, a little more than 4 inches in 
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length, and divided into inches, tenths, and -g^ths, the inches being numbered 0 to 4. 
On the stand is fixed the vernier a! (fig. 2), which reads to nsWth of an inch, and by 
estimation to -y^njth. 

On the slide A are two guide-bars, between which the slide B works at right angles 
to A ; the guide-pieces are adjustable by means of set screws a"" (fig. 1), to ensure the • 
rectangularity of the slide B. Slide B is moved by means of the steel rod b'\ screwed 
at one end, and carrying its clamping-bar and screws b" 1 in the same way as the slide A. 
It has also an attached scale b, and a vernier b\ fixed to the slide A, which reads with 
the scale b to the same quantities as the vernier a! of the scale a. 

On the slide B, which is perforated, is a hollow axis, somewhat more than 4 inches in 
diameter, in which works the hollow axis of the divided circle C, which reads by means 
of its vernier V to 10" of arc. The circle C is clamped by the clamp c, and can then be 
moved by means of the milled head d, attached to a tangent screw. The vernier V and 
clamp c arc fixed to the slide B. 

On the hollow axis of the circle C is a second divided circle D, which reads to minutes 
of arc, and is divided into four quadrants; the vernier Q (fig. 1) being attached to the 
lower circle C. The circle D is only used for axial adjustments, to bring the position- 
wires depicted on the photographs to parallelism with the wires in the microscope M. 

The circle D has four dogs fastened on it, through which work the screws d, which 
carry along with them four pressure plates, with two projecting wires in each, to act 
against the photographic plate P, and make it central with the instrument. The photo- 
graph rests on the four ivory studs d 1 . 

The photograph to be measured is in all cases placed with the collodion side down- 
wards, in order to ensure a constant distance from the microscope ; if placed upwards, 
any variations in the thickness of the various glass plates would necessitate a change in 
the position of the microscope at each operation. 

In the first instance it is necessary to determine that particular position of the slides 
A and B in which the axis of the circle 0 corresponds with the centre of the cross wires 
of the microscope, which is very accurately and rapidly accomplished in the following 
manner: — A glass plate of suitable size has ruled upon it with a writing-diamond two 
lines which intersect each other as nearly as may be at right angles : this plate is placed 
face downwards on the wory supports d’, and the slides A and B are brought approxi- 
mately to and clamped in the central position, which is at about the division 2 inches on 
their respective scales ; by means of the screws d , the cross on the glass is made to 
coincide with the cross wires of the microscope. The circle C is now turned through half 
a revolution, when the cross on the glass plate will be found to have shifted. Half this 
deviation, according to its direction, is corrected by the screws a " and b" of the slides A 
and B, and half by the centering screws d of the circle D. After a few trials, the cross 
on the glass plate will not shift during the rotation of the circle C ; when this is the 
case, the verniers of the slides A and B are observed, and the readings noted down. 

The centre of the circle C (and consequently of D) was found to coincide with the 
cross of the microscope when A read 2*0025 inches and B 1*981 inch ; and these posi- 

3 e 2 
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tions were found not to alter materially for several months, during which they were from 
time to time tested. . 

The next thing to be ascertained was the rectangularity of the two slides, which was 
done in this way. By means of the upper circle D, one of the ruled lines on the glass 
•plate was made to coincide with a wire of the microscope after the lower circle C had 
been clamped to read 360°. The slide B remaining central, slide A was unclamped and 
drawn out to the full extent ; any deviation between the line on the glass plate and 
the centre of the cross in the microscope was then corrected by moving the tangent 
screw c?, and, the slide being again pushed back to the centre, a few trials soon brought 
about an exact coincidence of the line on the plate and the wire of the microscope during 
the travelling of the slide A. The vernier V was next read off accurately, and the slide 
A brought to its normal position, 2*0025 inches. The circle C was then moved through 
exactly 00°, and clamped securely, and the slide B, having been unclamped, was pulled 
out to the extent of its path. If the same line on the glass plate maintained its coin- 
cidence with the cross of the microscope during the travelling of slide B, the slides were 
necessarily at right angles ; if not, the error was corrected by moving the slide B, with 
respect to A, by means of the adjusting-screws a"". If the deviation was considerable, 
it became necessary, after its rectification, to re-ascertain the normal central position of 
slides A and B. The greatest deviation from rectangularity amounted, after final adjust- 
ment, to 0° O' 10", a quantity which could in no way affect the measurements. 

The thickness of the wire of the microscope was ascertained to be 0*0003 inch, amount- 
ing to about 0"*15. The measurements could not generally be made nearer than 0*001 
inch, equal to 0"*5, and in most cases the centre of the wire was brought as nearly as 
possible to coincidence with the point to be measured ; this minute correction conse- 
quently has not been applied. 

The measurement of the photographs was effected in the following manner : — In the 
first place, the slide B was set at its central point 1*981 inch, and the slide A pulled out 
so far as was judged necessary to bring the periphery of the sun (or moon, as the 
case might be) under the centre of the cross. The photograph to be measured was 
then laid on the supports, due regard being paid to the position of the wires depicted 
thereon, so that they might coincide with the corresponding divisions on the circle C, 
that is, I. with 45°, II. with 135°, III. with 225°, and IV. with 315°. The photograph 
was next centered by means of the four screws dl, and the requisite movement of the 
slide A by means of its screw a ", the slide B remaining at rest. When the periphery 
of the sun, notwithstanding its somewhat irregular outline, maintained, during the rota- 
tion of the circle C, a general coincidence with the centre of the microscope, the vernier 
cl was read off ; this reading, minus the reading of the central position of A, namely, 
2*0025, gave the measurement of the radius of the sun. The slide A was then un- 
damped and traversed right across, so as to bring the limb of the sun, after passing to 
the other side of the centre of the instrument, into coincidence with the cross when the 
circle C was rotated, and the vernier a! again read off. The difference between the first 
and second readings gave the diameter of the sun-picture. Thus, let 
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m. 

The first reading of photograph No. 20 be 3-907 

deduct the position of the centre on the scale a . . . 2-0025 

Radius of the sun= 1-9045 

in. 

• 0-094 
3-907 

2)3-813 sun’s diameter. 
1-9065 radius. 

These measurements, in the example cited, differ from each other 0-002 inch, which, as 
will be hereafter seen, is equal to about 1" of arc. In Table I., columns 7 and 8, are 
given two series of measurements of the sun in these ways : in column 7 the numbers 
were obtained by the first, in column 8 by the second method. 

The next operation was the rectification of the position of the photograph by means 
of the wires depicted on it. I must here call attention to the circumstance, that in 
the various phases of the eclipse the wires cannot be traced beyond the crescent of the 
sun; for the time occupied in taking the photograph is so extremely short, that the 
background of the sky in the immediate neighbourhood of the sun does not in the 
slightest degree depict itself on the collodion plate. The wires are visible on the sun’s 
crescent, because they intercept his action, and produce a blank space corresponding to 
their shadows, but evidently the dark body of the moon and the adjacent sky could have 
no such effect. In photographs of the partial phases, therefore, the length of the wires 
depicted corresponds with the extent of the crescent unobscured, and is shorter the nearer 
the picture is to the totality. A wire which is visible in some cases is afterwards covered 
by the moon, so that the correct apposition of the picture could not be effected, in every 
instance, by means of the same wire. In the totality-pictures the whole four wires are 
visible, from the fact of one or other of them having intercepted either the light of the 
prominences or that of the corona, the latter even having depicted itself sufficiently to 
render the shadow of the wires quite perceptible. In the other phases, either wire IV. 
or wire II. was used for rectifying the picture ; if wire II. were used, the circle was 
clamped to read 134° 54' 10", because this had been found, by measurement, to be the 
position which corresponded to 315° for wire IV. 

Supposing wire IV. to have been visible, and the circle clamped so as to read exactly 
315° after centering, it would generally happen that the picture of wire IV. was neither 
under the centre of the microscope, nor parallel with the wire corresponding to the 
slide A, because, in the first place, the picture may not have been taken exactly in the 
centre of the heliograph ; and in the second place, in centering, the image of the wire 
may not have been brought exactly parallel with a normal diameter from 315° to 135° 
of the circle C. * If such were the case, by means of the upper circle D the image of 
the wire was first made approximately parallel with a wire of the microscope, and then, 
by means of the screw b " of the slide B, was brought exactly under this wire of the 


The second reading of same photograph . . . . 

And the first reading having been 

Difference between first and second reading gives . 



378 


ME. WARREN DE LA RUE ON THE 


microscope, so that the latter bisected longitudinally the broad image of the wire in 
the photograph ; the slide A was now undamped, and drawn along : if the microscope- 
cross continued to bisect, in the direction of its length, the wire of the photograph, the 
operation had been successful ; if not, by again turning the upper circle D through a 
small arc, and moving the slide B sufficiently to cause bisection, this coincidence was 
finally brought about. Slide B was then screwed back to its original central position, 
namely 1-981 inch, and slide A to that position in which the periphery of the sun 
came exactly under the centre of the cross of the microscope, which in the example 
cited would be 3*907 indies. 

The instrument was then in a position for measuring the position-angles of the cusps, 
which was effected by rotating the circle C so as to bring first one and then the other 
cusp under the microscope. Table III., columns 8 and 9, contains a. series of such 
measurements, corrected, however, for the ascertained error of the position-wires of the 
heliograph, which is given in column 7, for the epoch of each photograph : the original 
numbers, before the correction was applied, were the means of three measurements for 
each cusp. 

The position-angles of the cusps gave the means of finding the position-angle of the line 
joining the centres of the sun and moon, which is at right angles to the chord joining 
the cusps. For example, in photograph No. 20, the measurement of which has been 
quoted by way of illustration, 

The position-angle of the northern cusp was found to be 13 49 30* 


That of the southern cusp 218 19 

Adding 3G0 

And dividing by 2 2)592 8 30 


We obtain for the position-angle of the line joining the 
sun and moon’s centres 

The circle C was now fixed, so as to read the angle thus found to be that of the line 
joining the centres of the sun and moon, and the slides A and B were both undamped, 
and so placed as to bring one of the cusps exactly to coincide with the centre of the 
microscope-cross. Slide A was then clamped, and slide B drawn along so as to bring 
the other cusp under the microscope. If it coincided with the centre of the cross, the 
operation was so far completed ; but if not, by causing the circle C to move through a 
small arc, and adjusting A a little, the coincidence of both cusps was brought about. 
In the photograph cited, the circle had to be brought to read 296° O' 30"; and this, and 
other numbers obtained in a like manner, are the lines of centres given in Table III., 
column 11, corrected for the errors of the wires of the heliograph. 

The coincidence of the cusps with the microscope-cross having been effected, slide B 
was moved so as to bring one cusp exactly under the centre of the microscope ; and its 
position having been read off on the vernier b\ the other cusp was made central, and 
the vernier V again read off, the difference between the two readings giving the length 

* These numbers are not corrected for the errors bf the position- wires as in Table III. columns 8 and 9. 




296 4 15 
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of the imaginary chord joining the cusps. Thus, in the photograph under consideration, 

The first reading of vernier V was . . 3*841 

The second reading 0T24 

Length of the chord = difference . . . 3*717 
Length of the semichord or sine . . . 1*8585 

Slide B was now brought to its normal central position, 1*981 inch, and clamped, and 
vernier ci of the slide A being read off, gave the position of the imaginary chord. The 
slide A was now moved sufficiently to bring, first, the moon’s periphery and then the 
sun’s periphery into coincidence with the centre of the microscope-cross, and the read- 
ings were recorded in each case. These readings gave the means of finding the versed 
sine of the moon, the versed sine of the sun, and the distance of the moon’s periphery 
from the sun’s periphery. 

Thus the first reading of the vernier ci gave the position of the chord . . 2*407 


The second reading the position of the moon’s limb 1*154 

Their difference the versed sine of the moon 1*253 

Again, the first reading was 2*407 

The third reading giving the position of the sun’s limb 0 094 

And their difference the versed sine of the sun 2*313 

Position of the moon’s periphery as above 1*154 

Position of the sun’s periphery as above 0*094 


Their difference gave the distance of the sun and moon’s peripheries . . 1*060 

Table II., columns 2 to 10 inclusive, gives a series of readings of the verniers ci and 
b', and the resulting determinations of the chords and the versed sines of the cusps of 
the sun and the moon. 

By making the vernier of the circle C read 360°, plus the correction for the error of 
the wires of the heliograph, the position of the cusps could be read off in differences of 
right ascension and declination from the sun’s (or the moon’s) centre. Thus, in the 
photograph quoted, No. 20, the circle was set at 0° 9' 30", and the northern cusp made 
to coincide with the centre of the cross of the microscope by moving both the slides ; 
the same thing was done with respect to the southern cusp. The readings were as 


follows : — 

Northern Cusp. 


Slide A 

3*853 

Slide B 

2*429 

Centre 

2*0025 

Centre 

1*981 

Difference of declination . 

. +1*8506 

Difference of R.A. . . 

+0*448 


Southern Cusp. 


Slide A 

0*505 

Slide B 

0*803 

Centre 

2*0025 

Centre ...;.. 

1*981 

Difference of declination . 

. -1*4975 . 

Difference of R.A. . . 

-1*178 
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Although the differences of declination and right ascension of the cusps from the 
centres were taken out in every case, they will not be recorded in this report, because 
the results have been worked out by other measurements. I cite the above merely to 
show the applicability of the instrument to the measuring of two such coordinates as 
declination and right ascension. 

Measurements of the moon’s radius could, I found, be obtained with great accuracy 
by centering all the photographs which had been taken so near totality as to give a large 
proportion of the lunar periphery. Experience in centering for the sun had previously 
proved that the operation could be performed with ease, even in those cases where a 
large portion of the sun’s disk was shut off by the moon. The totality-negatives were 
also measured, and I had two positive copies on albuminized glass made by superposing 
the negatives; and these also were measured. In the case of the totality-pictures, 
besides the radius, the whole diameter was measured, by causing the slide A to carry 
the picture from one side to the other of the centre of the reading-microscope. These 
measurements are given in Table I. column 9. 

The readings, it will be observed, are in inches and decimals of an inch, the values of 
which in arc are based entirely on an assumed diameter for the sun, in consequence of 
no steps having been taken in Spain to obtain data for an absolute scale. This was not 
attempted, because at that time it was not contemplated that such an extensive use of 
the photographs would afterwards be made. It might be practicable to ascertain the 
value in arc of an inch on the screen of the heliograph ; but this would have no retro- 
spective application to the pictures obtained in Spain, because it would not be possible 
to place the object-glass, the secondary lens, and the screen in relative positions abso- 
lutely the same *. By assuming for the semidiameter of the sun its tabular value, the 
arbitrary measurements were translated into measures of arc ; but it will be seen that 
any error in the tabular semidiameter of the sun necessarily affects all the numbers based 
upon it. 

Table I. 

In Table I. are given the following quantities: — Column 1 contains the progressive 
numbers of the photographs. Where a break occurs in the consecutive order, it arises 
from the circumstance that the omitted plate was spoiled after the picture had beefi 
taken, or that the photograph could not be taken, for the reasons already given. 

Column 2 contains the times noted as the epochs of the photograph, to the nearest 
half-second. In observing the time, the half-second beats of the chronometer were 
counted, from 1 to 1 20, a method which, I think, is less likely to lead to error than the 

* Since this paper was handed in, the Kew heliograph has been removed to Cranford, and attempts have 
been made to obtain an absolute value in arc for the scale of the micrometer by procuring pictures of objects 
situated at the distance of about a mile. II itherto these attempts have been attended with only partial 
success, on account of the want of definition of the resultiug pictures, consequent on the feebleness of the 
light and the movements of the intervening atmosphere. I have it in contemplation to continue the expe- 
riments and to erect a scale of equal parts about 80 feet long, at a known distance, with the view of ascer- 
taining the radial distortion of the image, and the value of each increment from centre to circumference. 
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counting whole seconds by two steps, when using a .chronometer which beats half- 
seconds. 

Column 3 contains the computed errors of the chronometer for the several epochs, and 

Column 4 the epochs of the photographs, corrected by deducting the numbers in 
column 3 from those of column 2. 

The time-intervals in columns 5 and 6, the nature of which is sufficiently explained 
by their superscriptions, will be found useful in checking the numbers given in this and 
the subsequent Tables, they having been employed in the calculations. 

Columns 7 and 8 give the results of the measurements of the sun’s radius by the two 
methods already explained. On examining these numbers certain discrepancies will be 
apparent ; and they may, on the whole perhaps, appear at first sight not so accordant 
as might have been expected. The greatest difference in column 7 is between No. 29, in 
which the sun’s radius measured 1909*5 thousandths of an inch, and No. 16, in which 
it measured 1900*5 thousandths — the difference being T oo ths of an inch, or about 
4" *5. Some of this difference is due to errors in centering ; for on taking the means 
of columns 7 and 8 for the photographs Nos. 8 and 16, the difference of radius was 
reduced to y oVo ths, =3"*5. Measures of the same photograph may vary in difficult 
cases, on account of the irregularity or faintness of the sun’s border, from nAro^h to 
TiPocrths of an inch, but in most cases they are in complete agreement. There is, how- 
ever, a real difference of photographic diameter in different pictures ; for in disturbed 
states of the atmosphere the sun’s diameter is enlarged by irradiation ; and, on the other 
hand, when once the instantaneous apparatus has been so adjusted as to produce the 
best effect, any great diminution in the intensity of the light renders the picture more 
feeble, and the periphery of the sun consequently less distinctly defined ; and it is just 
barely possible that the fainter portions of the limb are not depicted at all, whence 
would arise a diminution in the size of the picture. 

The mean of the measurements given in column 7 is 1904*17, and of those in 
column 8, 1905*65, — the difference not being greater when converted into arc than 0"*7, 
while the mean of both sets of numbers is 1904*91. By assuming the radius of the 
sun to be 15' 44"*8, as calculated by Mr. Hind from Leverrier’s Tables, the value of 
TbV i y th of an inch of my scale becomes 0"*4960, the logarithm of which is 9*6954654. 
This number has been employed in the reduction of the several measurements to their 
equivalents in arc. 

Column 9 contains measurements of the moon, which are very accordant. The 
original negative of the second totality-picture presented greater difficulty in centering 
than the first totality-picture, in consequence of the triplication of the images of the 
protuberances ; a positive albumen copy of it on glass was more easily centered. The 
greatest discordance in the measures is 4*5 thousandths, which are equivalent to 2"*2, 
The mean of all the measures gives 2002*25 thousandths =16' 33"* 1 as the radius of 
the moon, which agrees almost exactly with the number of Mr. Carrington, 16' 33", 
and that of Mr. Farley, 16' 32"*9. 

MDCCCLXJI. 3 F 
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In column 10 are given the distances actually measured between the peripheries of 
the sun and moon in a direction at right angles to a line joining the cusps ; these 
numbers differ in a few cases from those which were obtained for the same photographs 
by deducting the n um bers in column 4 from those in column 3, Table II., but it has 
not been thought necessary to alter them in Table I. The cases in which discrepancies 
occur are the following : — 

inch. 


No. 8. 
No. 17. 


{ 


in which the peripheral distances in Table II. 
differ from those in Table I- by 

55 55 55 


j— 0*003 
+0*001 


No. 19. 
No. 22. 


55 55 

55 55 


- 0*001 

+0*003 


No. 29. 


- 0*001 


The numbers for these particular photographs in Table II. result from a series of 
second measurements of several of the photographic plates, which it was found neces- 
sary to make again for Table II., in consequence of some minute errors in reading the 
vernier V in the first series. 

Column 11, Table I., gives the numbers of column 10 reduced to the adopted mean 
solar radius, namely, 1904*91 thousandths of an inch. 

Column 12 gives the differences of the peripheral distances for two consecutive pho- 
tographs, and, neglecting the augmentation of the moon’s semidiameter, the approxi- 
mate approach or retreat of the centres in the interval between their epochs. By dividing 
these numbers by those in column G, were obtained the numbers in column 13, which 
are very nearly the rates of approach or retreat of the sun and moon’s centres per 
minute. 

Column 14 gives the approach and retreat per minute for the longer periods brack- 
eted, and column 15 the same numbers reduced to seconds of arc. These rates of 
approach and retreat of the centres are affected by any errors in registering the time of 
the photographs, and also by all errors of measurement. The numbers do not run quite 
smoothly, and yet perhaps they are as good as could be expected. No account was 
taken of the augmentation of the moon’s semidiameter, except for the middle of the 
eclipse; but the rates of approach or retreat for the beginning and end, even without 
this correction, admit of a comparison with the computed numbers, as the change of 
semidiameter was not great during the intervals. 



Approach of sun and 
moon’s centres per minute 
at tlie commencement. 

Relative motion of 
centres per minute 
at the middle. 

Retreat of sun and 
moon’s centres per 
minute at the end. 

Measured . . . 

25*26 

2?*84 

38*05 

Carrington . . 

24*87 

27*27 

29*85 

Farley .... 

25*14 

27*40 

29*61 
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Table II. 

In Table II., columns 2, 3, and 4, is given a series of measurements from which are 
derived the versed sines of the sun and moon, and in columns 7 and 8 other measure- 
ments from which are obtained the lengths of the chord joining the cusps given in 
column 9. Columns 11 and 12 the resulting semidiameters of the moon and sun 
respectively, calculated upon these data. On account of the change in the apparent 
diameter of the moon during the eclipse, the measures in column 11 are not adapted 
for giving a mean result of the whole series ; but the case is different for the sun, and 
hence the average of the measures of column 12 has been taken out for comparison 
with the mean semidiameter obtained by direct measurement : the mean ^semidiameter 
of the sun given by Table II. is 1903T thousandths of an inch, which differs by only 
— 1*91 thousandths = — 0" - 9 from the value given in Table I. With respect to the 
moon’s radius, it should be borne in mind that the photographs near the commencement 
and the end of the eclipse are not well adapted for such calculations, as a very minute 
error in measuring the chord or the versed sine introduces a great error in the resulting 
calculated semidiameter ; and any rounding off or indistinctness of the cusps, especially 
near the epochs of commencement and end, militates greatly against exact determinations 
of the moon’s radius by the method employed. For these reasons, it has been necessary 
to omit certain numbers of column 11, in deducing the averages for the moon’s semi- 
diameter, namely, Nos. 7, 10, 14, 39, 41, 42, and 43: by bringing together into three 
groups the remaining calculated semidiameters of the moon, we obtain for the mean 
epochs of these groups the following results, as compared with those deduced from 
Mr. Farley’s numbers for the same epochs. 

Mean epoch, 2 h 17 ra . Mean epoch, 3 h l m . Mean epoch, 3 h 34 m . 

„ , ' (De La Rue . 993-8 993-3 990-9 

Mouns radius W ey . . 994-1 992-9 991-9 

Difference — 0*3 -|- 0-4 — 1-0 

These numbers are remarkably near the computed numbers, and render manifest that 
even so minute a change as the decrease in the moon’s semidiameter during the eclipse 
is traceable in the photographs. Taking the differences of semidiameter at the first and 
last epochs, the augmentation of the moon’s radius becomes more apparent, and not far 
from the true numbers ; thus 

Moon’s semidiameter. 

r 

Do La Rue. 
h ni „ 

At . . 2 17 993-8 

At . . 3 34 990-9 

Difference . . . 2-9 




Ta bile II. Calculations of the Radii of the Sun and Moon, from measurements of the Chords and Versed Sines. 
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Table III. 

In Table III., column 2, the epoch of the photographs in Greenwich mean time is 
again given as in Table I. ; in column 3 is given a series of numbers obtained by adding 
to the peripheral distances of the sun and moon (as shown in Table I., column 10) the 
number 97 '3, which expresses in thousandths of an inch the excess of the mean 
measured radius of the moon over the mean measured radius of the sun, namely, 
2002-2-— 1904-9=97-3. * 

Column 4 contains the numbers in column 3 reduced to seconds of arc, and column 6 
the same numbers corrected by the quantities in column 6, which contains the correc- 
tions necessary on account of the augmentation of the moon’s semidiameter from the 
mean diameter at the middle of the eclipse. The numbers in column 5 are derived by 
interpolation from Mr. Farley’s calculations. The corrected numbers in column 6 
show the distances of the sun and moon’s centres at the epochs given in column 2. 

Column 7 contains the errors of the wires of the heliograph from the assumed posi- 
tion of 46° for wire I., for the epochs of the several photographs. These numbers have 
been applied to the numbers in columns 8, 9, and 10, in which, respectively, are given 
the corrected angles of position of the cusps, and the line joining the sun and moon’s 
centres. 

Column 12 contains the measures of half the angles between the cusps, taken from 
the sun’s centre, the numbers being half the differences between the position-angles 
of each pair of cusps, which are given in columns 8 and 9. The angles in this column 
were employed in the computation of Table IV. 



Table III. 
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From Table III. it is possible to derive several elements of the eclipse ; for example, 
the epochs of first and last contacts, and the duration of the eclipse. 

The distance of the sun and moon’s centres at the epoch of 


No. 7 was . . '. 1827*8 

No. 8 was . . . 1734*8 

No. 9 was . . . 1573*5 


No. 41 was . . . 1602*4 

No. 42 was . . . 1715*9 

No. 43 was . . . 1805*8 


whence is derived, as the mean motion per minute, in the interval between 


7 and 9 
41 and 43 


. =25*263 
. =30*022 


At first contact. 

a 

The augmented moon’s radius was 994*5 

The sun’s radius 944*8 

1939*3 


Laat contact. 

990*7 

944* 8 

1935*5 


By deducting from these sums of the radii the corresponding distances of the centres in 
photographs 7, 8, and 9, and in 41, 42, and 43 respectively, and dividing the numbers so 
obtained by the corresponding rates of approach or retreat of the centres, the intervals 
are derived which have elapsed between the epochs of the first contact and the epochs 
of the photographs, on the one hand ; and on the other, the intervals which must have 
elapsed between the epochs of the photographs and the last contact of the sun and moon. 
By subtracting from the epochs of Nos. 7, 8, and 9, and adding to those of Nos. *41, 42, 
and 43 their several intervals, the following periods result : — 



First contact. i 

1 


Last contact. 


h 

min. sec. i 


n 

mm. sec. 

No. 7 . 

. 1 

48 6*4 

No. 41 . 

. 4 

10 4*0 

No. 8 . 

. 1 

47 57*4 

No. 42 . 

. 4 

10 2*7 

No. 9 . 

. 1_ 

48 6*4 

No. 43 . 

. 4 

10 4*0 

Mean . 

. 1 

48 3*4* 

Mean . 

. 4 

10 3*6 


whence the duration of the eclipse is found to have been 2 h. 22 min. 0*2 sec. . 

o / 

The position-angle of the line joining the centres at 1 h. 54*3 min. was . . 296 54*2 

and by adding the decrease in the position-angle since the period of first 


contact, as calculated from the numbers in Table III 1*5 

we obtain for period of first contact the position-angle ....... 296 56 


which agrees very nearly with the angle calculated by Mr. Carrington and Mr. 
Farley, namely 296° 54'. In the same manner, the position-angle of the line joining 
the centres at the epochs of last contact was found to be 117° 12' 

Mr. Carrington’s number is . . . 117 20 

Mr. Farley’s 117 18 

* The time of first contact observed with the achromatic was 1 h. 48 m. 6*6 sec. p. 364. 
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The beginning and end of the eclipse do not agree with the calculations; for example — 


• * • - • • 1 

. First contact. 

Last contact. 


Duration. 

• 

h min. sec. 

h min. sec. 

h 

mill. sec. 

De La Rue . 

' 1 48 3-4 

4 10 3*6 

2 

22 0*2 

Carrington . . . 

1 47 56 

4 10 15-2 

2 

22 19-2 

Farley .... 

1 47 57 

4 10 15 

2 

22 18 


But it is possible- that the discrepancy may partly arise in consequence of the assump- 
tion of a greater angular measure for the diameters of the sun and moon than they 
in reality subtend; and this view' is* supported by my 'measures of the distances of 
the sun and moon’s centres, which*, as a whole, come out greater than the computed 
distances. It will be seen that, as the reduction of my arbitrary measures to their 
equivalents in arc is dependent on the tabular value for the sun’s semidiameter, if this 
be in excess of the truth, my distances of the centres must come out greater than the 
real values ; and this is actually the case, as will be hereafter seen. If the diameter 
either of the sun or of the moon, or of both, be less than the tabular numbers, the first 
contact must happen later, and the last contact sooner than the computed times : the 
epochs of these phenomena, derived from the measure of the peripheral distances of the 
sun and moon given above, tend to show that some correction is necessary to the tabular 
diameters. 

The epoch of the middle of the eclipse, the direction of motion of the moon’s centre, 
and the nearest approach of the centres of the sun and moon may also be derived from 
the photographs, by means of the distances of the centres and the epochs of two photo- 
graphs, one before and one after totality. 



In the above diagram, let a represent the position of the sun’s centre, b the position 
of the moon’s centre .previous to totality, at the epoch of No» 22 photograph, and c 
tR§~ position ~o£ the moon’s centre in photograph No. 28, after totality; be will repre- 
sent the motion of the moon’s centre across the solar disk during the interval, and the 
line /3 a, parallel to be and passing through the sun’s centre, the direction # of motion 
referred to the sun’s centre ; a X shows the nearest approach of the centres of the sun 
mdccclxii. 3 o 
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and moon ; X the position of the centre of the moon at the middle of the eclipse* 


ab, the distance of the centres at the epoch of No. 22, was 385"* 7 

do, the distance of the centres at the epoch of No. 28, was . 323"*8 

*• *■ 

the position-angle of the line joining the centres at the epoch of No. 22 was 295° 28' 24" 
the position-angle of the line joining the centres at the epoch of No. 28 was 119 23 21 
whence the angle cab =176 A 

h min. sec. 


The epoch, of No. 22 was ... 2 48 25*6 
„ No. 28 was ... 3 13 53*7 

and the interval, in minutes and decimals of a minute, 25*468. 


From these data the angle Xca, equal to the angle uac, was found to be § i 4$*7 


And the angle Xba=fiab 1 47 13*3 

The side b X was computed to be 38^*512 

The side c X was computed to be 323*576 


And the line b c , which represents the space travelled over 
during the interval, was consequently 709*088 


The proportion of the interval of time occupied by the moon m j n 8ec 

in travelling from b to X was computed to be .... 13 50*8 

The proportion in travelling from X to c 11 37*3 

The mean rate of motion per minute . . 0 2?-84 

The nearest approach of centres, a X, was found to be . . . 0 12*03 


The epoch of No. 22 was . 
Add time-interval b to X . 

Middle of the totality . . 


h m sec. 

2 48 25*6 
0 13 50*8 

3 2~16*4 


That of No. 28 was . . 
Deduct time-interval X to c 


b m Bee. 

3 13 53*7 
0 11 37*3 

3 2 16*4 


The position-angle of a b at o t 
the epoch of 22 was . . 295 28 24 
Adding the angle (3ab . . 1 47 13*3 

We bbtain as the direction 
of motion of the moon’s 
Centre during the totality 


The position-angle of a c at 
the epoch of 28 was . . 119 23 21 
Deducting the angle uac . 2 7 43*7 


to 117 16 87*8* 


from 297 15 37*3 


By combining Nos. 22 and 29, and Nos. 23 and 28, similar numbers were computed, 
which, together with the preceding results, are given in the following summary - 
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Direction of motion of 
moon's centre. 

Nearest 
* approach 
of centres. 

Belatire 
motion of 
centres 
per minute. 


Middle of 
totality. 

Nos. 22 and 28 . 

297 

lh 37-S to lit 1& 3if*3 

lS-03 

2?-84 

h 

3 

m 

2 

sec. 

16-4 

Nos. 22 and . 29 . 

297 

8 63*6 to 117 8 63-6 

11-27 

27-78 

3 

2 

18-4 

Nos. 23 and 28 . 

[297 

2 14-1 to 117 2 14-1 

13-29 

28-02 

3 

2 

20-9 

Mean . . 

297 

8 56 117 8 55 

12-20 

27*88 

3 

J22 

2 

18-6 


The following are the numbers computed for the same elements by- 


Carrington . . 

29? ll 0 to 117 if 0 

13 

2?*27 

Farley . . . 


12-7 

27-36 


sec. 

19-5 

200 


Table IV. 

In Table IV. column 1, are given the computed sines of half the angles of the opening 
of the cusps, which are set forth in column 12, Table III.; the sun’s mean measured 
radius, namely, 1904-91, being employed in the computations. The resulting numbers 
correspond to the semichords given in Table II. column 10 ; but in most instances the 
calculated is greater than the measured semichord or sine. 

In column 2 are given the cosines of the same angles referred to the sun. These 
numbers correspond to the distance of the sun’s centre from the imaginary chord joining 
the cusps. 

In column 3 is set forth the augmented semidiameter of the moon for the epoch of 
each photograph, the increase or decrease from the mean measured diameter 2002-2 
being derived from Mr. Farley’s values. 

Calling the sines in column l=<z, and the augmented lunar semidiameter =5, the 
cosine of the moon for the angle represented by the same sine was derived by the formula 

{b'—ayjb+a); column 4 gives these cosines referred to the lunar radius, and repre- 
sents the distances of the moon’s centre from the chord joining the cusps. 

The distances of the sun and moon’s centres could evidently be derived by taking out 
the sums or differences of such numbers as those in columns 2 and 4 : in the cases actually 
under consideration, the distances of the moon and sun’s centres result from the addition 
of these quantities ; they are given in thousandths of an inch in column 5, and reduced 
to seconds of arc in column 6. 

In column 7 are given the like quantities, derived from measurements of the distance 
of the peripheries, which are merely a repetition of the values given in Table III. 
column 6. 

In column 8 are set forth the mean distances of the centres of the sun and moon, 
ascertained by taking the arithmetical mean between the numbers in columns 6 and 7. 

In column 9 are the same distances computed by interpolation of the values calculated 
by Mr. Farley. 


3 o 2 
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Column 10 gives the differences between the mean distances in column 8, and those 
in column 9, or De La Rue— Farley. The mean of the differences wiH be seen to be 
-J-4"T; that is, the distances of the centres of the sun and moon come out greater than 
the computed distances by 4"T. This tends to show that the semidiameters of the sun 
and moon jointly, are less in reality by 4" than their tabular values. It is not intended 
to urge this as an absolute proof, but merely as supporting that view, which is further 
corroborated by the fact that the first contact occurred later, and the last contact sooner, 
than the predicted times. The distances of the sun and moon’s centres, obtained by 
calculation from the angular opening of the cusps, will be presently employed to furnish 
data respecting the commencement and end of the eclipse, &c . ; and it will be seen that 
the times thus obtained differ from those derived from the peripheral distances, and that 
they approach, more nearly to the predicted times. • The optical distortion of the sun’s 
image would occur in the direction of a radius, and would not affect the numbers derived 
from measurements of the angular opening of the cusps, provided the picture were con- 
centric with the optical axis of the instrument ; while it would affect the numbers based 
on the measures of the distances of the sun and moon’s peripheries, so that the quantity 
4" is probably, from that cause, in excess of the true correction. The measurements of the 
angular openings of the cusps, and the measurements of the distances of the peripheries, 
both present peculiar difficulties. The difficulty of determining the precise termination 
of the cusp, especially when blunted by a lunar mountain, leads one to make the 
angular opening greater than it ought to be, and, consequently, the cosines and the 
distance of the centres less than they really are. On the other hand, the optical distortion 
of the image, combined with the irregularities of the peripheries of the sun and moon, 
tends to make the measurements of the distances of the peripheries, and consequently 
the distance of the centres, greater than they are in reality. These liabilities to error 
have, therefore, in the two cases, an opposite effect on the final results ; hence a mean 
of the numbers obtained by the two methods will probably approach very nearly to 
the correction to be applied to the semidiameters of the sun and moon taken conjointly. 
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Proceeding as before, but with the distances of the centres given in Table IV., 
col umn 6, we obtain, as the rate of approach of the centres per minute between 7 and 9, 
24"*945; and the rate of retreat of the centres per minute, between 41 and 43, 29"*255, 

whence we derive the following : 

First contact. Last contact. 

h m see. h m sec. 

No. 7 . . 1 47 51-6 No. 41 . . 4 10 12-4 

No. 8 . . 1 47 52-7 No. 42 . . 4 10 13-8 

No. 9 . . 1 47 51-6 No. 43 . . 4^ 10 12-4 

Mean. . 1 47 52 4 10 12-9 

h m sec. 

Duration of the Eclipse ... 2 22 20-9. 

These numbers agree fairly with the calculations; for example — 

First contact. Last contact. Duration, 

li m sec. k m sec. k m sec. 

De La Rue . . . . 1 47 52 4 10 12-9 2 22 20-9 

Carrington. ... 1 47 56 4 10 15-2 2 22 19*2 

Farley 1 47 57 4 10 15 0 2 22 18 



Direction of motion of the moon’s 

i 

Nearest j 
approack 
of centres. 

Relative 
motion of 

Middle of 


centre duriug totality. 

the centres 
per minute. 

eclipse. 

Nos. 22 and 29 

29*7 8 2$ to 117° 8 

11*10 

27-34 

k 

3 

m 

2 

sec. 

22-6 

Nos. 22 and 28 

297 14 34*1 to 117 14 34-1 

11-79 

27-33 

3 

2 

23-2 

Mean . . 

297 11 29 to 117 11 29 

11-44 

27-34 

3 

2 

22-9 

The following are numbers computed for the same elements by 




Carrington . . 

o / u o § n . 

, 297 17 0 to 117 17 0 

// 

13-0 

2?-27 

k 

3 

m 

2 

sec. 

19-5 

Farley . . . 


12-7 

27-35 | 

3 

2 

20 


By combining these results with the results of the peripheral measures already given, 
we obtain 

First contact. Last contact, 

k ni sec. k m sec. 

By peripheries . . 1 48 3-4 i 4 10 3*6 

By cusps .... 1 47 52-0 J 4 10 12*9 

Mean . . . I 47 577 j 4 10 8-2 


k m sec. 

Duration of the Eclipse ... 2 22 10*5. 



Direction of motion. 

Nearest 
approack 
of centres. 

Relative rate 
of motion 
of centres. 

Middle of 
totality. 

Peripheries . 

297 £-9 to lit i-9 

1^-20 

2?-88 

k mi sec. 

3 2| 18-6 

Cusps . . . 

297 11-5 to 117 11-5 

11-44 

27-34 

31 2! 22-9 

Mean . 

297 10 to 117 10 

11-8 

27-61 

st 2' 20-7 
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These numbers agree very closely with the theoretical numbers, the chief difference 
being in the epoch of the end of the eclipse, which is earlier by 7 seconds than Mr, CABr 
bington’s computation, and by 6*8 seconds than that of Mr. Fablet. 

The following are the differences : — 


De La Rue— Carrington. 

sec. 


First contact . 
Last contact . 
Duration . . 
Middle of eclipse 


Nearest approach of centres 

Direction of motion of the moon’s centre during} 

the totality J 

Relative motion of the centres per minute . . 

Position-angle of the line joining the centres at) 

the first contact • J 

Ditto at the last contact 


+1*7 

-7-0 

-8-7 

+1-2 

- 1-2 

—7' 

+0-34 

+ 2 ' 

- 8 ' 


De La Ruo— Parley, 
see. 

+0*7 

- 6*8 

-7-5 

+0*7 

— 8*9 


+ 8*26 

+2' 

- 6 ' 


The periods of first contact, and the middle of the eclipse, are accordant, but not so 
that of the end of the eclipse, the duration being less than the computed duration by 
8 seconds. The half of this, or 4 seconds, would correspond to a distance moved through 
of 1"'9, by which quantity the radii of the moon and of the sun jointly would be 
smaller, than the computed values. Without any desire to attach more importance to 
the results of the photographic measurements than they merit, I believe that I have 
made out satisfactorily that astronomical photography is capable of furnishing data on 
which great reliance can be placed, and which it would be difficult to collect in any 
other way. It possesses the advantage, in the case of sun-pictures, of instantaneous 
registration, and permits of measurements being made calmly and at leisure, and of their 
being repeated as often as may be considered desirable. Its employment in connexion 
with means of measurement will undoubtedly suggest future improvements ; and although 
it is impossible at present to predict the destiny of astronomical photography, it appears 
likely that it will take a high rank among the methods of observation. 


Solar Spots. 

With the view of ascertaining whether any connexion exists between the luminous 
prominences and the faculae, or the spots on the solar disk, photographs of the sun were 
obtained as soon as the heliograph could be got to work, and others would have been 
taken on each day previous to the eclipse if the weather had proved favourable. Several 
photographs were secured on the 14th, but only one on the 16th, which was not 
measured, having been overlooked ; spots a and b were then well on the solar disk. 
Afterwards, until the 18th, none could be procured, but on the 19th and 20th several 
were obtained. With the exception of a spot d, which became visible on the 20th, with 
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a position-angle 86° 26'*, a group of spots, extending on the 18th from 114° 30' to 
121° 30' f, and a double spot X visible on the 14th in position-angle 243° 53' to 245° 34' J, 
there were none between which and the luminous prominences any connexion could be 
presumed to exist. The group 114° 30' to 121° 30' was surrounded by many faculae; 
the spots in it underwent considerable changes on the 19th and 20th; the faculse 
extended evidently beyond the visible portion of the sun’s surface on the 18th; for a 
part which was not in sight on the 18th came into view on the 19th and 20th. Just 
in the neighbourhood of these faculae there was visible in the telescope during the 
totality, a very brilliant sheet of light. On the- 18th, besides the group , of spots 
surrounded by faculrn just mentioned, and other small spots delineated in the index 
‘map, Plate XV., there were three conspicuous spots, which I have designated by the 
letters a, b, c. Spot c was visible on the 14th, but the two others had not yet come 
round; the three spots a, b, c continued to be visible on the 19th and 20th. 

On the whole, however, no very intimate relation was discoverable between the pro- 
minences and the sun-spots ; and recent photographic researches having convinced me 
that the formation of spots and their changes are among the least frequent of the great 
disturbances always occurring in the solar photosphere, I take this opportunity of stating 
my opinion that future investigations will rather tend to disprove any very close con- 
nexion between them. 

On the 14th, at 4 h 12 in 6 S *6 Greenwich mean time, the spots visible on the sun’s disk 
were the following: — 


Snot. 

Position-angles. 

Distance from the centre in 




a decimal of the radius. 


c • • • • 

45 37 

•3825 


cc • % • • • 

112 21 

•5548 


(3 . . . . 

113 G 

•5169 

Cluster . ■< 

y ... . 

114 25 

•4984 


1 ... . 

114 35 

•5811 


• 

$ * • • • 

114 51 

•6075 

X first nucleus . . . 

243 53 

•8899 

X second 

)) • • • 

245 34 

•9078 


The spots a, |3, y, 5, and e, somewhat changed, were still on the disk on the 18th, but 
I did not notice any spot which could have been brought by rotation into proximity with 
the western limb of the sun, with the exception of X, which was at some little distance 
in longitude on the hemisphere turned away from the earth. 

Of the group of small spots surrounded by faculae, visible on the eastern edge of the 
sun on the 18th, the following were selected and measured on photograph No. 6, whose 
epoch is l b 47 ra 43"*G. 

* See in the index map, Plato XV., tlio prominences E and F. 

t See in the index map, Plato XV., the prominences H and G. 

t Seo.in the index map, Plate XV ., the prominence L, which, howover, was at some distance from the 
position of X. 
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Spot. Position-angle. Distance from the centre in 

a decimal of the radius. 

£ . . . . 113 33 -9979 

n ... . 114 40 . *9953 

0 ... . 116 31 -9643 

/ . . . . 117 37 -9984 

In consequence of the partial breaking up of the spots on the 19 th and 20th, it was 

not easy to identify them, and the Greek letters may possibly not refer in all cases to 

the same spot. The following, selected from many other small spots surrounded by 

faculae, were measured on a photograph taken on the 19th at 0 h 9 ,n 51" Greenwich me&n 

01 

time : — 


Spot. 

Position-angle. 

Distance from the centre 
ill a decimal of the radius. 

C • • • • 

117 26 

•9518 

0 ... . 

119 

45 

•8872 

4 » . . * 

120 

19 

•9607 

X> a . • • 

124 

48 

•9166 


On the 20th, civil reckoning, or astronomical reckoning 19th day 23 h 4G m 45% the 
photograph K was taken, when a fresh spgt d had made its appearance on the eastern 
limb ; the following are the results of the measurements of this spot, and of some others 
in the group surrounded by facula?. All these spots had altered greatly since the 


previous day. 

Spot. 

Position-angle. 

Distance from the centre 
in a decimal ol' tlie radius. 

d . « • • 

O 

86 

26 

•9961 

c • • • . 

121 

3 

•8713 

i . . . 

123 

53 

•8896 

0 ... . 

126 

10 

•7733 

X ... . 

130 

52 

•8231 


Table V. 

Table V. contains the results of the measurements of the principal spots (a, b, c), the 
Angles of position being corrected for the errors of the wires, and the distances given in 
a decimal of the radius of the sun. In the case of each spot, the particular edge measured 
is indicated on Plate XV. by a dotted line, and by means of Table V. my results may be 
reduced to those of other observers who may have measured a different part of the same 
spot. 

Column 1 gives the number of the photograph ; column 2 the date of the photograph ; 
columns 3, 8, and 13 the distances of thc t spots a, b, c from the sun’s centre in a decimal 
of the radius; columns 4, 9, 14 the averages of several measures; columns 5, 10, and 15 
the position-angles ; columns 6, 11, 16 the average position-angle for several photographs ; 
and lastly, columns 7, 12, and 17 the mean epochs of the means of the measures. 

mdccclxii. 3 H 
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July 18, 2 k 2 m 35* Greenwich mean time, the moon had occulted spot c, at a distance 
of *6061 of the sun’s radius from the sun’s centre, and between the position-angles 
300° 58' and 302° 33',* reckoning from the respective edges of the spot. 

At 3 h ll m H**7 the spot c was partly uncovered by the moon’s edge at a distance of 
*6172, and between the .angles 300° 48' and 302° 45'. 

At 3 h 58 m 58**3 the moon’s limb had partially passed off spot 5, at a distance of *6611, 
between the angles 128° 3' and 130° 5'. 

I am not aware that any practical use has ever been made of the occultation of a sun- 
spot by the moon during an eclipse ; but as it is probable that during the eclipse under 
discussion such phenomena were recorded by a great number of observers, as on the occa- 
sion of previous eclipses, I have thought it desirable to make the measurements given 
in Table V., which will, I believe, afford better means than have been before available for 
turning such observations to account. 

Photographs of the Totality. 

Copies of the two totality-pictures which accompanied this paper were produced in 
the following way : the original negatives were placed in the focus of an enlarging-camera, 
and positive collodion copies on glass procured, on which the lunar disk was enlarged to 
9 inches in diameter. These positive copies were then placed in the focus of the camera, 
and a number of negatives made, .to print any impressions that might be required, in 
which the lunar disk was reduced to the sizes of the several engravings accompanying the 
paper. The photographic copies therefore are two removes from the original, and, some- 
thing being lost at each operation, they do not x>resent all the details visible in prints 
taken direct from the original negatives. The corona, for example, which is depicted on 
the original negatives, is to a great extent lost in the copies, because in bringing clearly 
out the details of the prominences, the corona in most cases becomes over-printed. 

A few positive 9-inch copies on glass have been presented to Observatories and public 
Societies ; but it was not possible to do this very extensively, in consequence of the extreme 
difficulty of copying, occasioned by the density of the original negatives. They could 
only be procured on days when the sun was perfectly unobscured by haze or cloud, and 
ultimately the injury to the second original negative prevented my continuing the work 
sufficiently long to obtain a supply as great as I desired. Secondary copies can, however, 
still be procured. 

In Plate IX. are given mezzotint fac-similes of the two totality-pictures the size of 
the originals ; although they will serve to give a general idea of the photographs, and 
to illustrate what has to be said respecting them, they are, after all, but imperfect sub- 
stitutes for the photographs themselves. Copies of the photographs would have been 
inserted in this memoir, had past experience of the permanence of such pictures war- 
ranted the Council in doing so*. 

• In the Author’s copies, Plate IX. a, photographic copies from the originals are given. They are two 
removes from the originals. 
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In order that the phenomena presented by the photographs may be clearly understood, 
I propose to give an explanation of certain appearances in them, which might other- 
wise occasion some difficulty. First, with regard to No. 25 photograph (the first totality- 
picture) (Plate IX. fig. 1). The sensitive plate was in the heliograph and the slide 
which covered it removed, a minute or so before totality, a temporary screen being first 
held just before the object-glass, so as to stop off all light. Thus every thing was in 
readiness, and it was only necessary to remove the temporary screen, to expose the plate 
at the proper moment. The very instant of the disappearance of the sun, I gave the 
signal for its removal, which was immediately done, and Mr. Beckley, who was watching 
the chronometer, gave the signal for covering the object-glass exactly one minute after 
it had been uncovered. I had given instructions that no attempt was to be made to 
note the precise epoch of total obscuration ; for each operator had too much to occupy 
his attention to admit of any work being done which was not absolutely essential to 
the photographic operations. In order to regulate the time of exposure, the precise 
position of the second-hand of the chronometer was noticed when the plate was first 
exposed, and the signal was given for replacing the screen when the second-hand had 
completed a revolution. 

The telescope followed the motion of the sun so well that the prominences retained 
a perfectly fixed position on the sensitive plate ; and from the results on the second 
plate, presently to be spoken of, it is known that they must have depicted themselves 
to some extent, though very faintly, in a second. On the other hand, the comparatively 
feeble corona would have required even a longer period to thoroughly imprint itself 
than the whole time allotted for the first picture. Consequently, as the moon moved 
from the west to the east, she kept shutting off the prominences and corona on the 
east, thus stopping further action ; while, on the west, she permitted fresh portions of 
the corona to commence a new action. The luminous prominences, when once they 
had produced their effect, could not be obliterated, although they might be subse- 
quently covered by the moon ; for it is well known in photography that latent images 
remain on the plate for a long time, and become apparent on applying the develop- 
ing fluid. In the case of the corona, the full effect not having been produced even at 
the end of the operation, it will be evident that its picture was necessarily the most 
intense on the eastern side, just at that part where thelnoon’s periphery had arrived at 
the close of the work ; while it is clear that on the western side the action would con- 
tinuously follow up the moon’s progress, and that therefore an impression gradually 
becoming fainter towards the lunar disk, would indicate the point which the moon had 
reached when the image of the eclipse was shut off. With this explanation, the 
appearance of the moon’s edge beyond the prominences on the eastern side in the first 
totaljty-picture can present no difficulty. If, during the exposure of the plate, fresh 
prominences had become uncovered on the western side, they would have imprinted 
themselves ; and if the plate had remained in the heliograph during the entire period of 
totality, the whole of the prominences would necessarily have recorded themselves on a 
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single plate, although only a part had been visible at one time, and the plate would have 
shown very nearly the position of the moon at the conclusion of the operation. Unless 
an instantaneous picture of the phenomena of totality could bo procured*, as in the case 
of the other phases, no photograph would show the precise state of matters at any one 
moment ; consequently/ if it be desired to know what was the condition of things at 
any one instant of the period during which the plate was in the heliograph, for example, 
at the commencement of the totality, and a minute afterwards, recourse must be had to 
the expedient of completing the circle of the lunar disk for the position she occupied 
at these two epochs respectively. The photograph itself affords the necessary data for 
effecting this ; for it will be found that the disk of the moon, as depicted on the photo- 
graph 25, represented in Plate IX. fig. 1, is not quite a complete circle, and that the 
longest diameter is in a direction at right angles to prominence A (see Plate XV.). 

By measuring the diameter in the direction of prominence A with a divided beam 
compass, and taking the half of the quantity as a radius, it was a matter of no great 
difficulty to find the centre of the picture for the two epochs in question, namely, near 
the commencement and near the end of the first minute, as indicated by the photograph, 
and to draw in the lunar disk from either centre. In this way two photographs, « and /3, 
7 inches in diameter, were corrected, and served as originals for Plates X. and XI., which 
show the state of the phenomena as accurately as if two instantaneous pictures had been 
taken. 

Plate X., which is the copy of u , represents the appearance of the phenomena # of 
totality at the commencement, and Plate XI. the copy of /3 nearly at the end of the first 
minute. A line drawn to the centres, laid down for the two epochs, was found to corre- 
spond absolutely with the direction ascertained independently to be that of. the motion 
of the moon’s centre, and measured 23". Allowing a period of five seconds for the pro- 
duction of a picture sufficiently intense to show itself clearly on the plate, both at the 
commencement and at the end of the exposure, the period traceable would be fifty seconds, 
23" x 60 

and ~ 5 Q — =27"’6 would be the motion of the moon’s centre during a minute, a result 

not differing by more than a few tenths of a second of arc from the mean derived from 
the measures of the other phases of the eclipse. 

In Plate IX. fig. 1, representing the untouched photograph No. 25, a portion of the 
prominence R is visible ; but it came into view after the commencement of totality, and 
was therefore painted out in completing the lunar disk in the touched photograph a, 
represented in Plate X. ; at the epoch shown in photograph /3, represented in Plate XI., 
however, the lunar disk had revealed so much of prominence R as is seen in the original 
picture. 

The dark lines in the original photograph, represented in Plate IX. fig. 1, situated 
respectively above the floating cloud C, and across the broad part of G, are the images 
in shadow of the position-wires. In the original negatives and positive copies taken 

* The possibility of doing this during futurcjotal eclipses will be presently pointed out. 
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carefully from them, the continuations of the images of these wires are depicted in posi- 
tions diametrically opposite. The wires are not central with the picture of the luhar 
disk, which was adjusted by means of the finder to be as much on the right of the plate 
as possible, in order that the details on the eastern limb might not be lost. It will be 
perceived that the light was inflected sufficiently during the taking of the picture to com- 
pleti the image of the protuberance G, notwithstanding the intervening wire. 

About eighty seconds were required for covering and taking out photograph 25, placing 
plate No. 26 in the heliograph, drawing back the slide which covered it, allowing time for 
the vibrations imparted to the instrument to cease, and removing the temporary cover 
from the telescope ; so that the exposure of plate No. 26 commenced about two minutes 
and twenty seconds after the commencement of total obscuration, and continued until 
within a second of the reappearance of the sun, having been, like plate No. 25, exposed 
as nearly as possible one minute to the actinic influence of the prominences. The action 
of the prominences was, however, on account of the accidental disturbance of the helio- 
graph, not allowed to continue on one part of the plate during the whole time; and 
hence their impressions are not so strongly depicted as those of the prominences on pho- 
tograph No. 25, represented in Plate IX. fig. 2. 

On this account the appearance of photograph No. 26 was not easy at first to com- 
prehend ; and it gave me considerable difficulty for some time to make out with precision 
the true nature of the result obtained. A gust of wind had arisen close upon the time 
this picture was being taken, and I was induced to imagine that the telescope had so 
been caused to vibrate ; but further examination of the picture showed that this could 
not have been the case, for three very distinct images were imprinted of the prominence 
E (the boomerang), proving that after each disturbance the instrument followed the 
sun’s movement correctly. This afforded a clue to what had actually occurred ; and I 
found on inquiry that two of my assistants had looked at the eclipse through the finder; 
of the heliograph, and had, as it appeared, inadvertently disturbed it in right ascension, 
which the wear of the worm-wheel and tangent-screw permitted them to do. Fortunately 
a firm radius-bar, which I had had made previous to leaving England, held the telescope 
so firmly in declination that it could not be readily moved in that direction ; if it had 
been so moved, the resulting picture might have defied interpretation, and have rendered 
the photograph useless for exact measurements. 

The clue once obtained, it was easy to make out three impressions of the wheatsheaf A 
(Plate XV.), three of the floating cloud D, three of each of the three points A', A", hi" of 
the fallen tree H, and less easily three'of the mountain-peak R because they overlapped. 
There were produced only two impressions of prominence Q on the western side, because 
at the epoch of the first action, when the point I was as yet partly visible, the moon still 
covered Q. The next impression was formed just when a part of Q had become visible, 
and when also part of the spade L had been revealed. The prominence L appears to have 
been sufficiently brilliant to imprint itself continuously while its image was traversing 
the plate. In the last impression on the plate, the prominences and corona continued 
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their action undisturbed during the remainder of the time of exposure : this picture is 
th^ one which includes those images of the several prominences depicted furthest to the 
right in each case, Plate IX. fig. 2. During the exposure of the plate in its third period 
there was a slight irregularity in the motion of the driving-apparatus, which to a very 
small extent enlarged the prominences in the direction of right ascension. 

In making a representation of the state of the phenomena at the end of totality, it 
was only necessary to paint out the two impressions of each of the several prominences 
belonging to the two other periods depicted on the photograph, and to correct the slight 
exaggeration caused by the irregularity of the driving-apparatus. In this way was pro- 
duced the touched photograph y, represented in Plate XII., which faithfully shows the 
state of matters about a second, or less, before the reappearance of the sun. It has 
been possible to make out, from photograph 26, three corrected pictures, showing the 
appearance of the prominences at three different epochs of that period of totality during 
which it was in the heliograph ; but only one of the resulting pictures has been engraved, 
namely, that shown in Plate XII. 

The irregularity of many of the protuberances on the concave side adjacent to the 
lunar disk is very striking, and appeared to me, while observing the eclipse with the 
achromatic, to be greater than could be attributable to the indentation which would be 
caused by any amount of irregularity on the lunar periphery. The extent of this irre- 
gularity could be readily estimated during the other phases of the eclipse with the tele- 
scope, and is also depicted clearly on the several photographs, which afford a permanent 
record of the moon’s profile. In Plate XVI., which was produced by etching an enlarged 
positive copy of photograph 22 and electrotyping from it, is shown the profile of the 
moon’s limb between the position-angles 44°*5 and 191°; in Plate XVII., produced in a 
like manner from photograph 28, the moon’s profile is depicted between the position- 
angles 228° and 9° ; altogether the plates exhibit 287° of the moon’s outline, with which 
the concave edge of the luminous prominences shown in Plates XIII. and XIV. may be 
compared. As the moon moved onwards, the great amount of indentation of the con- 
cave side of the protuberances appeared to me to become less on the eastern side and 
greater on the western side. Some of the irregularity on the concave side is undoubtedly 
due to the periphery of the lunar disk, but all of it cannot be so accounted for. We may 
assume that some prominences £re not in absolute contact with the sun’s photosphere, 
but, on the contrary, arc supported at a distance from it, as in the case of the float- 
ing cloud D. Notably, in that part of the prominence G between the position-angles 
112° and 124° the irregularity of the concave boundary cannot be accounted for by the 
form of the moon’s limb ; on the other hand, in support of the position that in certain' 
cases the irregularity must-be due to the profile of the moon’s disk, we have good 
evidence in the second totality-photograph, Plate IX fig. 2, where part of the luminous 
prominence Q is depicted at two epochs, namely, just as it became visible, and at the 
end of totality. It will be seen that the part gf- — g" has the same amount of indentation 
at both epochs. In most cases the irregularity of the contour of the prominences 
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appears to be much greater than that portion of the moon’s limb corresponding in 
position-angle with it. # 

On comparing the results of the expedition of 1860 with those obtained in 1851, one 
cannot fail to be impressed with the general similarity in the aspect of the prominences 
at the two epochs : on both occasions were seen luminous masses of vast extent, per- 
fectly detached from the sun, and far beyond the lunar disk ; the same irregularity of 
outline on the convex side, running out into points; the same apparent outpouring 
of feint vapours, falling as it were towards the sun (as in the faint portions of pro- 
minence A) ; lastly, although not seen with the eye in 1860, there is recorded by the 
photographic retina a similar hooked projection to that seen in 1851, and named by the 
Astronomer Royal “ the boomerang,” from its approximation in form to the Australian 
weapon bearing that name. 

Reference to Plate XV. affords better means of judging of the dimensions of the 
protuberances depicted on the two photographs than the photographs themselves, on 
account of the latter merely showing their distance from the moon’s periphery, whereas 
in the index map, Plate XV., the distances from the sun’s disk are shown. We thus 
see that while the two photographs give a fair representation of the height above the 
sun’s periphery of the prominences D, E, F, G, M, N, O, P, Q, R, they do not do so in 
respect of the remainder. Notably, the prominence A, if it extended inwards to the 
sun’s periphery, and was not, like the floating cloud D, supported at some distance from 
it, must have been of twice the height revealed to us ; and again, the prominence K 
must, as regards the brighter part of it, have been nearly four times the height seen 
above the moon’s limb. The brighter part of the prominence K, at the epoch of the 
second totality-picture, was covered by the moon; and although the fainter hooked part 
projected beyond the lunar disk, it was too faint to imprint itself in the second picture, 
on account of the disturbance of the telescope, which did not allow it to remain suffi- 
ciently long on one part of the plate. In the first picture it depicted itself clearly, and, 
if it had done so in the second, would have admitted, in connexion with A, of a chord 
being drawn which would have afforded a capital basis for measurements. The actinic 
power of “ the boomerang ” is quite remarkable ; for it imprinted itself, distinctly, three 
times on photograph 26, although it was invisible to the eye. Not only, therefore, is 
photography of value in recording phenomena visible to the human eye, but it is also 
able to render evident bodies which emit only those rays which belong to the invisible 
part of the spectrum. 

The question whether the luminous prominences would appear as bright or dark 
markings on the sun’s disk admits of a probable solution by means of photography, 
which furnishes data as to the degree of luminosity of the prominences relatively to that 
of the sun’s photosphere. It will be recollected that I have stated that one of the pro- 
minences (A) was visible some minutes previous to totality, and that it continued visible 
to other observers several minutes after the reappearance of the sun. It so happened that 
photograph No. 28 was taken about twenty seconds after the reappearance of the sun, 



TOTAL SOLAE ECLIPSE OP JULY 18, 1860. 


406 


when the distance between the moon and the sun’s peripheries was only 9"*G. This pho- 
tograph was obtained with the full aperture (3*4 inches) of the heliograph, and the plate 
was exposed by removing a* temporary cover which had been placed before the object- 
glass, and replacing it as quickly as ppssible. The time of exposure would certainly not 
exceed a second, yet the image is completely solarized (bleached) from over-exposure ; 
moreover, the wind, which rose suddenly at that period, violently shook the heliograph 
in the direction of right ascension, by successive impulsions against the object-end, which 
projected beyond the walls of the observatory ,* and many impressions of the solar crescent 
are consequently depicted on the plate, on which, however, not the slightest trace of 
prominence A could be made out. With the aperture of the object-glass reduced to 
2 inches in diameter, and using the instantaneous apparatus, a picture of partial phase 
could under similar circumstances have been procured in -^-th of a second, and therefore 
in less than -jrrth of a second with the full aperture of the telescope. Moreover, as in 
the second totality-picture (No. 26) the prominences were depicted three times, in con- 
sequence of two disturbances of the telescope in right ascension, during the minute the 
plate was exposed in the heliograph, we know that on the average twenty seconds are 
about sufficient to bring out the picture of the luminous prominences strongly. These 
triplicate images are not, however, of equal intensity, one being very fayit ; and there- 
fore, assigning to this latter (what its appearance warrants) an exposure of half the time 
of the other two, we have twelve seconds as the time required to depict the most lumi- 
nous of the prominences fairly. It results, therefore, that the light of the luminous 
prominences is fully 68x12=696 times less bright than that of the photosphere of the 
sun. 

On August 12, 1862, 1 succeeded, as I have already stated in the foot-note, page 334, 
in obtaining an extremely faint impression of the moon with the Kew heliograph in three 
minutes. The full aperture of the object-glass was employed, and the chemicals used 
were in the highest degree of sensitiveness. An impression of the luminous prominences of 
equal intensity would, according to data furnished by the second totality-picture No. 26, 
have been produced in a second. It may therefore be safely estimated that the image of 
the luminous prominences (for equal areas) is 180 times more brilliant than that of 
the moon. Assuming for the ratio of the light of the sun in comparison with the light of 
the moon 200,000 to 1, it would follow that the image of the luminous prominences is 
200 OOO 

— Pg () — =1111 times less brilliant than that of the sun; taking the mean of the two 

estimates it would be 900 times less brilliant than that of the sun. 

Although in all probability the prominences are less bright than the dark nuclei of 
the solar spots, it does not follow that they would appear as very dark markings on the 
sun’s disk, for to a great extent they may permit of the transmission of the light emitted 
by the photosphere ; and, besides, it is by no means probable that there is any intimate 
connexion between the solar spots and the prominences, for the vast extent of the sun’s 
limb which is surrounded by the prominences precludes such an idea, and leads to the 
udccclxii. 3 1 
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conviction that -they are far more generally distributed on the solar disk, and of propor- 
tions greatly exceeding any which the spots ever attain to. 

Since the prominences would appear to be scattered so widely over the sun’s surface, 
the question has arisen whether it would be possible to render these wonderful append- 
ages apparent at other periods than those of total eclipses of the sun. For the purpose 
of solving this problem, Mr. James Nasmyth devised an apparatus which, in part, con- 
sisted of a cylindrical box, blackened inside, having in one end an aperture of such dimen- 
sions that it exactly permitted of the passage of the sun’s image when projected by a 
telescope, whilst the surface surrounding the aperture was sufficiently large to receive 
the images of all objects situated beyond the solar periphery. 

The Astronomer Royal also has made experiments with the same view, using, in part, 
the Nasmyth apparatus ; but the existence of the luminous prominences could not be 
detected by its means, in all probability on account of the great amount of illumination 
of that part of our atmosphere which is in apparent contiguity with the sun. On the 
occasion of Professor Piazzi Smyth’s experimental visit to the Peak of Teneriffe he took 
out with him this apparatus, because it was thought that the more attenuated stratum 
of atmosphere at that elevation would interfere less with the success of the experiment. 
Only negative Jesuits were, however, obtained, and the problem remains to be solved. 

Is it probable that photography may lead to a solution of the difficulty! I am 
inclined to think that it may possibly do so. It would, however, be quite futile to 
attempt to delineate the luminous prominences, when beyond the sun’s periphery, by 
means of photography, after the experience afforded by the experiments before cited ; 
for most unquestionably they would not produce an image so intense as that of our own 
atmosphere in apparent contiguity with the sun’s disk and illuminated by his rays. My 
hope is that their forms may be depicted on the brighter solar disk itself^ and their 
existence rendered evident by means of the stereoscope, which has already enabled me 
to make out the real nature of the radiating lines on the lunar surface. 

During the year 1861, by means of my 13-inch equatorial reflector, I succeeded in 
procuring photographs of the sun’s surface, on a scale of 3 feet for the sun’s diameter. 
These colossal photographs were obtained by enlarging the focal image by means of a 
secondary magnifier, constructed especially to ensure a flat field and the coincidence of 
the visual and chemical foci. They show, in a remarkably striking manner, the mottling 
of the sun’s photosphere, which appears to be entirely composed of an undulating mass 
of waves, like the surface of the sea agitated by wind. 

Two pictures of the same sun-spot, taken at an interval sufficiently great to admit of 
the sun’s rotation causing the necessary angular shift of its position, evidently possess 
the stereoscopic relation. By placing them in the stereoscope in such a way that the 
positions of the two pictures, relatively to each other, shall be reversed, that last taken 
being placed on the left, that first taken to the right (supposing the image to be erect), 

I have obtained a stereoscopic picture of a sun-spot, and some surrounding faculee, 
which represented the various parts of the picture in their true relative positions in 
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regard to altitude, and in other respects. I have ascertained in this way that the faculse 
occupy the highest positions of the sun’s photosphere, the spots appearing like holes 
in the penumbras, which appeared lower than the brighter regions surrounding them ; 
in one case parts of the faculse were discovered to be sailing over a spot, apparently at 
some considerable height above it. 

My hope of rendering evident the luminous prominences is dependent upon an exten- 
sion of this experiment. I believe that, with a careful adjustment of the time of expo- 
sure of the sensitive plate, I shall succeed in obtaining the outline of the luminous pro- 
minences (the so-called red flames) as very delicate dark markings on the more brilliant 
mottled background of the photosphere. These delineations, except with the aid of 
the stereoscope, would be confounded with the other markings of the sun’s surface, but 
they would assume their true aspect, and stand out from the rest, as soon as two suit- 
able pictures were viewed by the aid of that instrument. 

The difficulties in the way of doing this are, however, of a special kind, as will 
readily be seen from the following considerations: when the aperture of the instan- 
taneous slide is at a maximum, and the rapidity of motion at a minimum, a picture of 
the siyi will result which will be of one uniform maximum density, without the slightest 
trace of any marking even of a dark sun-spot. As the aperture is reduced and the velo- 
city of the slide augmented the spots will become depicted, but no trace of the penumbire 
will be seen ; then we shall get the penumbra?, and subsequently traces of the facula? and 
of the general mottling of the sun’s disk ; lastly, by still further reducing the aperture, 
the facula? and the mottling will be well brought out, but especially the latter. The 
photographic process, it will be recollected, is one of progressive action, and even the 
faintest parts of the picture may, by a long exposure, produce as much intensity as the 
bright parts do by a shorter action ; and evidently, with sufficient time, all distinctions 
of bright and less bright must cease to exist on the photographic plate, if all parts have 
produced the maximum density of effect which the plate is capable of affording. It 
rarely (it might be said never) happens that all parts of the picture are portrayed with 
the best effect ; and in heliography the apparatus has to be variously adjusted, according 
as the spots or the mottlings of the sun’s surface are required to be especially well shown. 

Measurements of the Totality-Photographs . 

The main object of the observations of the total eclipse of 1860 was to ascertain 
whether the luminous prominences are objective phenomena belonging to the sun, or 
whether they are merely subsidiary phenomena, produced by some action of the moon’s 
edge on light emanating originally from the sun. If the luminous prominences are 
attached to the sun, it is evident that they would continually change their positions with 
respect to the moon’s centre as the moon moved across the solar disk. For example, a 
prominence situated in the direction of the moon’s path would maintain its position- 
angle in reference to the moon’s centre unchanged, but it would be gradually and at 

3 i 2 
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length entirely covered by the moon. On the other hand, a prominence situated at 
right angles to the moon’s path would change its position-angle in respect of the moon’s 
centre, but would remain uncovered to almost the same extent at the end of totality 
as at the commencement. Moreover, prominences situated in positions intermediate 
between these two would change their respective position-tingles, referred to the moon’s 
centre, less, but would be covered more, in the proportion of their relative degrees of 
proximity to the line of the moon’s path ; and vice versd , the change in position-angle of 
the several prominences would be greater in proportion as they were situated nearer to 
a line at right angles to the moon’s path*. No stronger evidence that the prominences 
belong to the sun can be adduced, than that of a change in the angular position of a 
prominence in reference to the moon’s centre, because it is not probable that different 
parts of the moon’s periphery would produce precisely the same effect on light emanating 
from the sun. The relative changes of position may be calculated for any given locality ; 
for which purpose it is necessary to know either its geographical position, or to deter- 
mine the relative motions of the sun and moon during an eclipse by other means. In 
a former part of this paper I have stated that the geographical position was ascertained, 
also that the exact path of the moon’s centre across the solar disk was made out by 
certain measurements of the photographs ; and in Plate XVIII. I have given a graphic 
representation of the moon’s path in reference to the sun’s centre during the eclipse. 
Mr. Carrington and Mr. Farley’s elements of the eclipse, founded on the geographical 
position, have already been cited, and will be presently made use of for computing the 
changes of position of the several luminous prominences which should occur if they 
belong to the sun. 

If the prominences belong to the sun, photographic images of the same protuberances 
taken at any one locality, at different epochs of totality, ought to coincide exactly when 
the photographs are superposed one over the other f; and measurements of their positions 
with respect to the moon’s centre ought to correspond with their computed positions. 
Moreover, photographs taken at different places (sufficiently near in longitude) ought to 
agree in their details, — although, for very distant localities, it is possible that they might 
not do so ; for it is conceivable that during long intervals a change might occur in the 
luminous prominences, or fresh prominences might be brought into view by the sun’s 
rotation. 

Furthermore, on consideration it will be evident that to two observers differently 
situated the protuberances would not have precisely the same dimensions ; that is, they 
would appear to project more or less beyond the moon’s limb. Within the zone of 

♦ 

* An inspection of Plate XV. will render this evident, and it will be seen that the angle y gradually 
diminishes as the prominence is more distant from A. 

+ That this was the caso was shown, on the occasion of this paper being read, by sliding the first totality- 
picture over the second, and projecting their images on a screen by means of an electric lamp. It was thus 
seen that the pictures of the several prominences correspond exactly in form and position, each to each, in 
the two photographs. 
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totality, indeed, some prominences might be visible at one station and not at another, 
in consequence of the parallactic shift of the moon with respect to the sun. 

Photographs offer great advantages over eye observations in determining changes of 
position in the prominences ; but nevertheless there are some difficulties even in photo- 
graphic measurements. 

For example, with objects which are terminated by a softened outline, there is some 
difficulty in determining, absolutely, where the boundary ceases to exist : this was found 
to be especially the case with the luminous prominences depicted on the original nega- 
tive, and also with the prominences as shown in positive photographic copies taken from 
it by superposition on an albumenized plate. Some doubt also existed in regard to the 
centering of No. 26 photograph ; but this was found not to affect the results so much as 
the uncertainty of the precise termination of the prominences, in the photographs both 
negative and positive. 

Table VI. 

Table VI. gives the results of a series of angular measures of the luminous pro- 
minences, with reference to the moon’s centre, both on the original negatives and on 
the albumen positive copies. Columns 4, 5, 6, 7 refer to the first totality-picture; 
columns 8, 9, 10, and 11 to the second totality-picture. Columns 7 and 11 are the 
measured positions, corrected for the errors of the wires, for the epochs of the two pho- 
tographs ; column 12 the difference in the position-angle of certain prominences at the 
commencement and at the end of totality. A mere inspection of column 12 renders 
it evident that the nearer a prominence is situated to 27° 10', in reference to the sun’s 
centre (which is the case with prominence A), the greater is its angular shift in 
reference to the moon’s centre ; and the nearer a prominence is to the line of motion 
of the moon’s centre, the less is the angular change, as, for example, the bead h w of the 
protuberance H. 



Table VI. — Angular Position of the Prominences referred to the Moon’s centre. 
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The edge a of the prominence A (the cauliflower or wheatsheaf ) is not far from a line 
at right angles to the path of the moon’s centre, and is well situated, therefore, for 
ascertaining whether the change of position-angle accords with the demands of that 
hypothesis which assumes that the luminous prominences belong to the sun. 

Disregarding, for the moment, the errors in the assumed places of the wires, we have 
the following results. 

Position of the prominence A, measured on the edge a : — 

First totality-picture. Second totality-picture. A n gnlar sliift. 

Original negative . . 28 l6 22 1^ & 5£> 

Albumen positive . . 27 47’5 22 37 6 10 *5 

Difference . . . — 22‘5 -J- 22 

Both these values of the angular shift have to be diminished by 1', in consequence of 
the alteration of the position-wires of the instrument in the interval between the two 
epochs, and they become respectively 5° 54' and 6° 9'-5. 

Considering the difficulties experienced, from the causes before mentioned, in making 
measurements of position-angle, it is quite justifiable to take the mean of the above 
results ; for, besides the uncertainty in determining the exact boundary of a prominence 
in the photograph, there is superadded, also, the difficulty of placing the photograph, 
quite correctly, in its proper angular position on the measuring-instrument, on account 
of the wires being very faintly imprinted on the western side of the picture in the first, 
and on the eastern side in the second, totality-picture. 

The mean of the two measures gives 5° 32' as the angular shift in the position of 
prominence A. Assuming, in accordance with theory, the motion of the moon’s centre 
to have been 92"*8 during totality, we have 5° 21' as the theoretical change of position- 
angle, which, deducted from the mean 5° 32', gives the difference of 0° 11'. 

On taking an average of the measurements of all the prominences, the difference 
between the measured and the computed angular shift is only half this quantity, as 
will presently be seen. 

Table VII. 

Table VII. contains the results of measurements of positive photographs 9 inches 
^ in diameter. Columns 4, 5, 6, 7, and 8 relate to No. 1 totality-picture; and columns 9, 
10, 11, 12, and 13, to No. 2 totality picture. Columns 7 and 12 show, respectively, the 
differences in the determinations of the position-angles of the several prominences in 
No. 1 and No. 2 totality-pictures, on the 9-inch photograph and the original negatives 
and positive-albumen copies by superposition. I give preference to the measures by 
means of the instrument of the original negatives and the direct albumen copies, so far 
as regards the position-angles ; but for measuring the amount of motion of the moon’s 
centre during the totality, I am, for the reason already assigned, dependent on the 
9-inch photographs. The whole difficulty, with respect to the latter, « consisted in 
exactly ascertaining the position of the centre of the moon in the two pictures, and in 
measuring correctly a picture gf the sun, enlarged to the same scale, with a divided 
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beam compass, in order to obtain a value in arc for the measurements taken in inches 
and decimals of an inch. This accomplished, it was only necessary to measure the* 
distance from the moon’s centre or periphery of certain parts of the prominences in 
both totality-pictures, and to compare the results of the measures obtained on one 
picture with those on the other, for the purpose of ascertaining the amount of motion 
of the lunar disk in reference to the several prominences, and to reduce the resulting 
numbers to their value in arc. 

The amount of motion is given in column 14 for those prominences which are visible 
in both photographs. 

Thus, in a direction nearly at right angles to the path of the moon’s centre, the 
apparent motion of the periphery was 1", while at 83° from that point, or 7° from the 
line of motion of the lunar centre, it was 93". 

The motion of the moon’s periphery, in respect of the several prominences situated at 
an angle 0 would be 92" , 8. sin (0—27° 10'), 27° 10' being the position of a line at right 
angles to the motion of the lunar centre, as deduced from the photographic measures 
already given. For the following calculations, the angle 0 was obtained from Plate XV., 
in which the prominences are referred to the sun’s centre. 



Part 

measured. 

Anglo 9 . 

Measured 

motion. 

Computed 

motion. 



a 

9 

ii 

n 

Prominence A 

a 

26 

9 

1 

1*6 

C 

c 

56 

34 

44 

45-6 

C 

d 

61 

39 

51 

52*5 

E 

e 

67 

4 

65 

: 59-5 

H 

h!" 

110 

9 

93 

921 

R 

r 

346 

14 

60 

60-9 


From Table VI. arc derived the following numbers : — 


Measure 

—computation. 

ii 

- 0*6 

- 1-6 

-1*5 

+5-5 

+0-9 

-0-9 

+0*3 Mean. 


Prominence A 
C 
E 
II 
R 


Part 

measured. 

Angular shift in respect < 

Measured. 

during tot: 

Calculated. 


O 1 

O 1 

5 21 

a 

5 32 

c 

4 34 

4 35 

d 

4 2 

3 46-5 

hi" 

0 52 

0 41-5 

r' 

3 45 

3 56-5 


Measure — computation. 

+ 11*0 
- 1*0 
+15*5 
+10-5 
— 11*5 

-+■ 4’9Mean. 


=1"‘4 motion of the moon’s centre in excess of the computed quantity. 

It would be extremely difficult to obtain more convincing proofs that the luminous 
prominences Jbelong to the sun than the foregoing numbers offer ; but I have still one 
more to bring forward. 

* The relative motion of the centres during totality as calculated by Mr. Cabbihqton. 
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It is known that Senor Aguilar, Professor Montserrat, and Father Secchi obtained 
photographs of the eclipse at Desierto de las Palmas, south of the central line, whilst 
my own were taken on the north of it. The latitude of my position was 42° 42 f N., 
that of Senor Aguilar 40° 4' 4" N. ; my position, measured on a meridian, is about 
18' north of the central line of the eclipse, Senor Aguilar’s about 4' to the south of the 
central line. 

Senor Aguilar was so good as to send me paper copies of the four photographs taken 
at Desierto de las Palmas ; and I have been able, in return, to send him copies of mine 
on glass, 9 inches in diameter. I have enlarged the copies presented to me to exactly 
the same dimensions (9 inches for the moon’s diameter). One amongst the number, 
namely, the first taken, is sufficiently good, when magnified, to admit of measures 
being made on it with a fair amount of accuracy, although there is evidence, in the 
woolliness of the photograph, of the telescope not having followed the sun very well. 
Notwithstanding a want of precision in the details, I was able to ascertain with certainty 
that the distances between the point / of R and a of A, between a of A and c of C, 
between c of C and g of G, between g of G and i of I, and between i of I and k" of K, in 
Senor Aguilar’s photographs, correspond exactly with the same points in mine. I have 
already mentioned that when my first totality negative was superposed over the second the 
several prominences exactly coincided in their relative positions, and that the distance 
between any given points of two prominences on my first totality-photograph is abso- 
lutely the same in the second totality-photograph. Here we have the evidence carried 
still a step further ; for the distances between given points in two prominences in Senor 
Aguilar’s photographs accord entirely with the distances between the same points on 
my own. 

I may mention that the prominence G in Senor Aguilar’s photograph, from the 
commencement of the broad part on towards h of the fallen tree H, is much confused ; 
H is not seen, because it is mixed up with G, which in consequence is as broad from h 
to g' as in its broadest part. With this explanation, however, there will be experienced 
no difficulty in comparing the photographs. The boomerang is not depicted on Senor 
Aguilar’s photographs. As my position was north of the central line, and the moon’s 
centre was, as we have seen, shifted, by parallax, about 12" below the sun’s, it follows 
that I ought to have seen more of the prominence A, and less of I and K, than could 
be seen at Desierto de las Palmas ; this is fully borne out by the photographs taken at 
the respective localities. The height of A above the moon’s periphery is 40" in my 
first totality-picture; in the corresponding picture taken at Desierto de las Palmas it 
is 32", the difference being 8". Prominence K in my first totality-picture, measured 
at kt, is 44", in Senor Aguilar’s 60", difference 16". The mean of the two measures 

8 + 1 ^ =. 12 ", the relative parallactic displacement of the moon’s disk at the two stations 

qf Rivabellosa and Desierto de las Palmas, ascertained as nearly as the want of defi- 
nition in the photograph obtained at the latter station permitted. It is probably less 
by about 2" than the true displacement. 
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In conclusion, the two totality-pictures No. 25 and No. 26, when reduced to a suit- 
able size and placed in the stereoscope, No. 25 on the left, and No. 26 on the right, 
afford a very beautiful view of the phenomena of totality, and one which could not be 
enjoyed by mortal eyes in looking at the real eclipse. Not only does the stereoscope 
render evident the fact of the moon being an object intervening between the observer 
and the sun, but it also shows it as a sphere. The triplication of the prominences 
must be corrected in No. 26 ; but any attempt to complete the lunar disk by painting 
on a positive copy, as a, /3, and y photographs, the originals of Plates X., XL, and Xll., 
is immediately detected, and the corrected lunar disk appears perfectly flat. In placing 
the photographs in the stereoscope, the prominence A must be placed upwards, and at 
right angles to the line joining the centres of the photographs. 


Appendix. 

Having brought to a successful issue the photographic record of a total eclipse, it may 
not be out of place to point out for the guidance of others what steps I would recom- 
mend should hereafter be adopted. 

In the foot-note to p. 334, I have mentioned that with my 13-inch reflector intense 
photographs of the moon were obtained in four seconds, and that, under precisely similar 
atmospheric circumstances, it required three minutes to obtain a feeble impression of the 
moon with the Kew heliograph, which, for the present, is mounted on an outrigger 
attached to the declination axis of my reflector. It will be remembered that for the totality- 
pictures obtained at Rivabcllosa, under exceptionally favourable conditions in respect of 
the sims altitude and the state of the atmosphere, the sensitive plate was exposed exactly 
one minute, the resulting photograph being remarkably dense, even to a fault. A picture 
of the moon, of greater intensity than the feeble image given by the Kew heliograph, 
could be obtained with my reflector in a second, so that it would produce pictures of 
the prominences in rj^th part of the time required by the heliograph, or in 
of a second. Making sufficient allowance for the difficulties in determining the exact 
ratio of actinic intensity in the foci of the two instruments, and also for a condition of 
the atmosphere less favourable than that under which the * Himalaya’ photographers 
worked, it may be safely estimated that, with a 13-inch reflector, perfect pictures of the 
prominences could be procured in two seconds. A 1 3-inch reflector would, however, be 
a cumbrous instrument to transport and erect at a distance from home; but a 9-inch 
reflector — or its equivalent, a 6-inch refractor, specially corrected for the actinic rays, is 
within the compass of such an expedition. These telescopes might be mounted with 
clockwork drivers on rigid equatorial stands, which must, however, be so designed as 
to admit of an adjustment of the polar axis to suit various latitudes. For each instru- 
ment an observatory should be constructed to take to pieces. Each observatory would 
require not less than four plate-holders, and about six baths to contain nitrate of silver, 
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which must have been carefully fused*. The collodion employed should be iodized a 
month before use with the cadmium iodizer, and, before starting, carefully decanted into 
clean vessels, tied over with bladder to prevent evaporation. 

I would recommend that three instruments, having a focal length of about 10 feet, 
should be prepared and kept, with the portable observatory, in readiness to be placed at 
the disposal of any such expedition as that organized by the Astronomer Royal. These 
instruments would give pictures of the luminous prominences in four seconds at the 
outside ; and under favourable atmospheric conditions, in less than a second. 

Observers intending to take charge of an instrument should practise with it in taking 
lunar photographs, previous to starting, so as to familiarize themselves completely with 
, it. Not fewer than four persons should accompany each telescope, and two of them 
ought to be accomplished photographers. 

Pictures of the partial phases would be best obtained with such an instrument as the 
Kew heliograph. 

Lastly, I have deemed it to be desirable that positive copies of the eclipse-pictures 
should be placed in some Institution readily accessible to the public, and I have there- 
fore presented to the South Kensington Museum a series of enlarged positive copies on 
glass, 9 inches in diameter, which are at present exhibited in the International Exhibi- 
tion, Class XIII. 

* “ Report on Celestial Photography,” by the author, in the Report of the British Association for 1859. 



[ 417 ] 


XIX. On a New Method of Approximation applicable to Elliptic and Ultra-elliptic 
Functions. — Second Memoir*. By Charles W. Merrifield. Communicated by 
W. Spottiswoode, Esq., F.JR.S. 

Beceived March 20, — Read April 3, 1862. 

Since my first memoir on this subject was read before the Society, Mr. Sylvester has 
published a method, more general than mine, of applying rational approximation to 
facilitate the computation of the integrals of irrational functions. This method, at 
wliich he had arrived independently, included, a majori , the one which was the subject 
of my memoir. Aided by his papers, my subsequent studies have enabled me to view 
the method with more generality, as well as with more precision and completeness of 
detail, and I am now able to present it in a sufficiently finished and practical form for 
the immediate use of the computer. I have also computed auxiliary Tables, to render 
its application easier in certain cases. 

Any rational formula, which gives approximately the value of a function to be inte- 
grated, may be integrated in lieu of it, and the result will in general be an approximate 
value of the integral sought. But for such a process to be of any practical utility, the 
convergence of the formula must be excessive, for the complexity of the integral forms is 
so great that the labour would be enormous, unless the terms were very few in number. 
In the discovery of formulae sufficiently convergent for the purpose, lies the success of 
the method. 

We are by no means restricted to functions under a square root, or even to pure 
radical forms at all. The principle applies with equal generality to functions which are 
given implicitly as roots of equations, and thus to a class of differential equations ; and 
Mr. Sylvester has well remarked that these formulae not only afford facilities for com- 
putation, as by a method of quadratures, but also enable us to assign superior and infe- 
rior limits to an integral, without losing its generality of form. 

I shall begin with the approximation to the square root, giving it in its general form, 
and explaining its exact analytical signification. I shall then show its application to 
Elliptic Functions, and how, in the ordinary cases, certain simple reductions can be 
effected, which greatly lessen the labour of computation ; and I shall give these reduc- 
tions for the cases more* commonly occurring, with some examples and working formula?. 
I shall tHen add a short account of the extension of the method. 

The paragraphs in the first two sections of this paper bear a consecutive number for 
convenience of reference. 


* For the First Memoir, see the Philosophical Transactions for 1860, p. 223. 
MDCCCLXII. 3 L 
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Section I . — Approocimants to the Square Moot. 

1. Mr. Sylvester gives, for the approximants to the square root, the following state- 
ment : — 

“ Let r be an approximate value of y/N ; then by that mode of application of Newton’s 
method of approximation to the equation # a =N, which is equivalent to the use of con- 
tinued fractions, we may easily establish the following theorem, viz., that 

r* + N r 3 -4- 3 rN r 4 + 6r 2 N + N 2 10r 3 N-f 5 rN 2 

3r* + N’’ 4r» + 4 rN ’ 5 r 4 + 10r 2 N + N 2 ’ 


will be successive approximations to \/N.” 

2. Their general form is 

(r±y_ W + (/— V'N) i N 
(r + v'Nf-lr-VNp V iv 


( 1 .) 


which is always rational. In this form the approximation to y'N as i increases is 
obvious. The method of my previous memoir is simply the particular case of i=2 h . 

3. If we wish to approximate to N -i , we may take the reciprocal of (1.), or, what is 
simpler, we may divide (1.) by N, thus obtaining 

(r+ V'N)‘+(»— ✓N) 4 1 

*—(>•+ v'N)^— (/— VNp y'N 1 ' 


Before we can integrate these formulae, we must reduce them by means of the method 
of rational fractions ; the simplest and most general way is as follows : — 

4. Let be an «th root of unity ; then, obviously, 

log (1 — )=log (1 -f,r)+log (1 — f 2 a*)+ +log (1 - fx). 

Multiplying the differential coefficient of this by ( — x), we obtain 

i.T‘ gar § 2 .r g 3 ar g’a? . 

1 — ar* 1 — qx ' 1 — q*x ' 1 — g 3 # - *"" ' ] — g'ar ’ 

and since r = 5 = 1 + I^? aud + 

■ 1 , 1 , 1 , , J_. 

1 — X* 1 — q.V* 1 — * 1 — ' 1 — q'X 

.M-ar’ l + gar t 1 + g 2 r , I + q s x , , 1 + g\r 

( 1 -a: i — 1 -gar - *" 1 - g 2 ar"*" l'— *»*“»" + 1 -gV 

r _ v/N 

Making #= r+ -^, we may thus divide N ±i into i fractions, each of the form 

lfr+v'Nj+g^r-i/N) A 
i (r + y'N) - g* (r - V /N) * ’ 

k being any integer not exceeding i. 

5. If we add the pairs 1c and i—k, we obtain for the sum of the pair, 

2(r+ v^N) 2 - 2(r— */N) 2 XT±4 

(r+ yN)*+ (r— v'N) 2 "— (g* -h g i— *) (r 2 — N) ^ 

8rN 8r 

2(r 2 -f- N) — (g* + q'~ k ) (r 2 — N) 0r same denominator’ 
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according to whether the upper or lower sign be taken. ‘Now, because g is an *th root 


2kw 


of unity, g>*+£ <_<: =2 cos — — , and the sum of the pair reduces itself, for \/N, to 


l 


4rN 


Jk * (r*+ N) -cos (r 9 - N) * r 9 sin 9 ^ 

_ 1 2rN 1 2rN 

i 


2rN 


h r 
i 


N + sin 9 -^ (r® — N) 


1 r 9 — cos 9 -^ (r® — N) 


(3.) 


For N 4 we have the simpler forms, 

1 4 r 

— 7 Ole-ir 

(r 9 + N)— cos ~ * (r® — N) 


2r 


i o*o kli o kvTt 

r 9 sin 2 — + N cos* — 


2 /- 


N + sin 9 (r 2 — N) 


2r 


r 9 — cos 2 ^? (r® — N) 


(4.) 


All that remains is to integrate these terms, and sum them. 

6. Our grouping the terms in pairs has limited the value of k to range from i to £ (i— 1) 
when i is odd. There is an odd term which, however, presents no difficulty, being 

T V 

simply j in the case of v'N, and ^ in the case of N -4 . When i is even, k is limited to 

r 9 -f N r® + N 

range from 1 to \ i — 1, and the odd term becomes — in the case of v'N, and 

in the case of N -4 . It is important to bear in mind that the term just mentioned is an 
odd term, and therefore not affected with the coefficient 2, which appears in the terms 
composed of pairs corresponding to imaginary roots. 

7. The value of i, which I consider to be most useful for general purposes, is *=8 : in 

r 2 + N r 9 + N kit 

this case the odd term becomes — g -- or — j^-, and the other values of ■ r are three in 

number, viz. 22° 30', 45°, 67° 30'. With proper precautions i*= 8 will almost always 
give seven or more figures correct. 

8. If we now give infinite values to k and i and pass from the summation to the defi- 


nite integral, we have ^putting X=r^ 


’=*-*= j. 


2rd\ 


r* 4- (N — r 9 ) cos® Kir 


2 r f 4 * 

— xNJ. , r 9 — N . - ’ 

1 + ^ - sin® 4 > 


and since 


r 






l+j9.sin 9 $ A/\+p 

this is an identical equation, as it ought to be. 

9. This use of approximants, therefore, is simply the application of the method of 

3 l 2 
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quadratures to a definite integral, which we substitute for the surd proposed for 
evaluation. 

10. It would appear at first sight that a full application of the method of quadratures 
in the ordinary way, with the help of differences, would give better results than the 
mere summation of the ordinates. But this is not the case ; for the differences diverge 
immediately. If we use differential coefficients for the quadrature, instead of differences, 
we have an opposite anomaly, namely that the correction of the summation appears to 
be absolutely nil, inasmuch as the differential coefficients which appear in the series are 
all of odd order, and the numerator of each of them contains the factor sin <p cos <p, which 
vanishes at both the limits 0 and It. Legendre has discussed this point. See the 
Appendix to the second volume of his ‘ Fonctions Elliptiques,’ p. 578. 

11. The application of the method to integrations, then, lies in the substitution for 

C‘ M ^ C‘ 2Mr.rtA.rf/ 

J oV / 0t J 0 Jo r 8 + (N — r*) cos* Ax ’ 


in which, since A and t are perfectly independent of each other, we may change the 
order of integration, thus obtaining 

2Mr . dt T , 
r 2 + (N — r 2 ) cos 2 A*J ; 

and the rest of the operation depends upon our being able to perform the integration 
in } generally, and then to determine the integral in A by quadratures. The great 
advantage of the method turns upon the easy application of the method of quadratures, 
in consequence of our not requiring to difference the ordinates. 

12. One way of exhibiting generally the degree of convergence is as follows: 
N M always lies between 



(r+ y/N)‘+(r-y/N)‘ 
n (r+VN)‘-(r-VN)f 


and N** 


(r+ v^N)' — (i — */N)‘ 
(r+ (r— 


and the error of either is therefore always less than their difference, 

4(r 2 — N)» 


N±* 


(r-f V'N)*’— (r— V'N)*' 


13. There is another mode, by which, in any given case, we may see how far it is 
necessary to carry our work in order to obtain a given number of decimals correctly in 
the result. Let 6 m be determined by the equation 


’•» (Urn f«> rffl, 

0 m J 0 cosfl, 


VN 


and let sin 6 X = — — or whichever may be less than dnity ; then the mth approximant 

v/n 

will be s j- a - This is easily seen from the general term of the approximant, since 
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14. A table of meridional parts, such as is given in the books on Navigation, if carried 
far enough, would solve this equation. I have calculated an auxiliary Table for the 
purpose, as follows : — 


Let cosec <p — 1 = 2 , log, tan ^ —y, then 

y=\ l °g, ';- f =2 io g 2-iiogz+|io g (i+§*) 
=Jhga-iiog.+;_g+5— r ^+ 

To bring this formula to the same unit as the common Table of meridional parts, 
we must multiply it by the number of minutes in the arc equal to unity, or by 
L= 3437-74677 07849 4, whence we have i L log, 2=1191-43224 08243 2, and 
\ L log, 10=3958-85223 39129 100. These data give the following Table, the argument 
being the common logarithm of z with its sign changed ; that is, the number of places 
which are correct : 


-logs. 

y> 

j -lot?'- 

y- 

J —log 

.'/• 

1 

5234-14859 

6 

24944-54650 

! li 

44738-80681 

2 

9117*70966 

j 7 

28903-39796 

12 

48697-65905 1 

3 

13068-84816 

1 8 

32862-25012 

1 13 

52656-51128 

4 

17026-92712 

I 9 

36821-10235 

14 

56615-36352 

5 

20985-70200 

! io 

; 1 

40779-95458 

15 

60574-21575 


. /N 

15. As a simple example, let N= 3, r=2 ; .-. ^- = sin 60° : the meridional parts for 

60°= 4527 ; and in order that the error may not exceed unity in the tenth place of 
figures, we must have m or ; so that we must make £=9 at least, for the 

10th figure to be correct. 

16. These methods of course only exhibit the degree of approximation on the surd 
itself. The proportionate approximation is generally greater on the integral than on the 
simple surd, because the first approximant is usually so chosen as to be identical with 
the surd at one of the limits, and it is only near the other limit that the discrepancy 
tells. 


Section II . — Details of Reduction and Computation. 


17. The chief assistance, which can be provided a priori for the computer, consists in 

C* 2M rdt 

the exhibition and discussion, for the ordinary forms, of the integral l ,5+" 


and of the auxiliary functions which present themselves in its reduction. 

18. In applying these methods to elliptic integrals, the radical and the first approxi- 
mant r must both be of a simple form, and it is advisable thatr®— N or N — r 3 should be 
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of a square form. For the common form of the elliptic radical ^(1— sin 9 6 . sin 8 p), our 
choice is practically limited to 

(1) r— 1, (2) r=cosp, (3) r=sin0.cosp, 

(4) r=cos 0 , (5) r=cos 6 . sin p. 

And on these suppositions I now proceed to the integration of the general form of the 
reduced approximant for j^(l — sin 2 0. sin 9 p)~*dp-=^zdp. I omit mention of the con- 
stants of integration, because very slight changes in the function may alter them. The 
first of our three cases require, as they stand, no constant, and these are the most usefu’ 
cases. 

(1) r=l, r*— N=sin 2 &. sin 2 p, 

2 

Z k " fa " ’ 

1 — sin 2 9 . cos 2 . sin 2 <p 


}z t dp = 2 ^ 1 — sin 2 0 . cos 2 y ^ tan -1 | ^1 — sin 8 6 . cos 2 y^ tan j- 


(2) r = cos p, r 2 — N = — cos 2 6 . sin 2 p, 

2 cos <p 


2 cos p 


~k— fa — ~ 

cos 9 <p + cos 2 9 . cos 2 y . sin 2 <p 1 


— ^1 —cos 2 9 . cos 8 y ^ . sin 2 <p 


\ l zdp= ^1 — COS 2 6 . COS 2 y ^ log, 


1 + sin — cos 2 9 . cos 2 y^ ^ 


1 — sin <p^l — cos 2 9 . cos 2 y^ 


(3) r=sind. cos<p, r 2 — N=— cos 2 0, 

2 sin 6 . cos <p 


Zu / 


^1 — cos 2 9 . sin 2 yj — sin 2 9 . sin 2 <p 


^z k dp=z ^1 — cos 2 6 . sin 2 y^ log 


^1 — cos 2 9 . sin 2 y^ +sin 9 . sin <p 
^1 — cos 2 9 . sin 9 y^ —sin 9 . sin <p 


(4) r=cos0, r 3 — N= — sin 2 0 cos 9 p, 

2 1 

Zk COS 9 . . . o a qk* o’ 

1 + tan* 9 . cos 8 -r- . cos 8 <p 

i T 


§z k dp—2 ^1 — sin 2 6 . sin 9 y ^ * tan -1 jcos 6 . tan p(l —sin* 6 . sin 9 y^ * j. 


(5) r=cos0 sin p, r 9 — N=— cos 9 p, 

2 cos 9 . sin p 


z k — 


lor * 

cos* i . sin 2 <p + cos 9 — . cos* <p 
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= ^cos*0 — cos* 0 lo<7 , i 



( cos 6 / 

„ far 
COS* -J- 

— COS* 0^ 

1 

[cos f \ 

t 

/ 

1 

COS f 

( cos* $ - 

-cos* — - I 


cos Q 

\ 

* / 

1 

“cos? 
cos fl 1 

o 

i 

O ! 

-COS* ) 

* / 


(6) If we make t — tan -|<p, we obtain 

(1 — sin* 0 . sin* <p)~* d<p= 2(1 — 2 cos 20 . t' 1 dt . 
Taking r — 1 — £*, the terms which we have to integrate are of the form 

4(1 — /*) dt 


.fa-, 


, kic 


J(l-/ 8 ) 2 + 4cos 2 d.cos 2 ^ A* 


Putting 5 '*=! — cos* 5 . cos* wo have 

§z k d?=l log.(^|f|J). 

The same expression seiyes for the integral 


if we put y*=l — sin*/? . cos* . . 


r 2 dt 

J (1 + 2 cos 2 f. + 


19. It will be observed that the first four cases, and the sixth, depend upon a radical 


kit 


of the form V(\ — sin* A . sin* u), where a is restricted to the selected values of 

Assuming the modulus sin A not to vary, it would therefore in general be better to begin 
by computing the radical for the selected values. I have computed, and 1 append to 

this paper, a Table of this radical, the selected values of -• being 22 J 30', 45°, and 67° 30', 


while A ranges by whole degrees from 1° to 90° inclusive. Every entry but the last in 
the 2nd, 3rd, and 4th columns of the Table was computed by myself in duplicate with 
Vega’s ten-figure logarithms, by the help of two or more of the following form uke, some 
of which are from Legendre. 

20. Putting A for v/(l — sin* A . sin*<v), 

(1) Make sin A . sin «=sin M ; then A=cos M, 

log sin M=log sin A -{-Tog sin u, log A=log cos M ; or else 

(2) Make tan A . cos <y=tan M ; then A=cos A . sec M, 

log tan M= log, tan A -{-log cos u, log A=log cos A -far. co. log cos M. 

Moreover, let L be the tabular angle nearest to the angle M : it is not necessary to 
obtain the value of M : so that we have simultaneously, 

log sin M=log sin LHrs, 
log tan M=log tan L +£, 
log cos M=log cos L +c ; 
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then we shall also have, and with great approximation, 

log s=log ( t . cos 8 L • cos 8 L) 
=log ( c . cot 8 L)4 ^(c+<?. cot 8 L), 
log c= log (s . tan 8 L)±(s+s . tan 8 L) 
=log (t . sin 8 L)4;(£— t . sin 8 L), 
log £=log ( 3 . sec 8 L)hP(3 — 3 . sec 8 L) 
=log (c . cosec 8 L)+(c — c cosec 8 Ii). 


I have given the whole set of six, but my Table was computed with the pair for log c. 
By way of example, I add a specimen copy of one of my working sheets. The use of so 
many as ten figures is not altogether unnecessary, because otherwise, when A is nearly 


equal to unity,. the value of log (1 — A) or of log 


1— A 
l + A 


cannot be had with exactness. 


21. The following formulae will also be found in many cases preferable, both for 
exactness and facility, to the ordinary use of logarithmic tables by means of differences. 
These formulae, as well as those of the previous paragraph, are but applications of 
Taylor’s theorem, reduced to a shape fit for the compute*. Even where only seven 
figures are required their application is frequently much easier, and gives more exact 
results, than interpolation by differences. In what follows, x is supposed to be tin 
nearest tabular entry. 

22. To find log y from log tan y . — Let us assume simultaneously 

log y = log x+ 1 , log tan y — log tan x+t. 

Putting u— log#, 2 = log tan x, we have 


du 

dz 


sin 2x 
2x 


and ^=M 


sin 2a? / 


2a? 


( cos 2x- 


\ 


sin 2a? \ 

2x~ y 


M being the modulus of the logarithms. 

Hence, by Taylor s theorem, 

l-t, cos 2x) j nearly. 

Taking the logarithm, this becomes 

iog l=log(t =F* cos 2*) 

. (t . sin a? . cos a?\ t . sin q : . cos a? . „ 

=1 °g( — ) + ±* + 2*sin 8 tf. 


The latter is the better shape for a working formula, because log sin x and log cos x 
are found in the same page and line as log tan x , while log sin 2x must be looked for 
elsewhere. The first term alone is sufficient when x is small ; but when x much exceeds 
45°, cos 2x changes its sign, and even the entire formula is insufficient. The maximum 
value of the coefficient of t in the second term is T0631, corresponding to #=78° 33' 26" , 6. 
In many cases, where the first term alone is insufficient, a rough interpolation, made at 
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sight from the following Table, will answer the purpose ; it is a* Table of the value of 
I — cos 2x 1 and of its logarithm, from #=45° to #=90°. 


o 

45 

0*63668 

9*80387 

50 

0*73816 

9*86815 

55 

0*83149 

9*91986 

60 

0*91349 

9*96070 

65 

6*98041 

9*99141 


o 

70 

1*08910 

0*01846 

75 

1*05658 



1*06816 

0*08619 

85 

1 * 04334 - 

0*01843 

90 

1 * 

0 * 


The Table shows that, past 45°, the formula 

, j , (t sin x cos x\ 

log log ^ )+t 

is a better approximation than when the +t is omitted. It is to be remarked that t is 
at its minimum for #=45°, and increases both towards #=0 and #=90°. Near the 
latter limit, where great accuracy is required, we must proceed as follows. 

Find the correction for the logarithm of the complement of the arc by the above 
process, and then find log x — y) from log y. For this purpose, I observe that 
logy=log#;t;J is equivalent to y—x. 10 ±z , hence 

|,r-y=$x— #. lO^ssftw— *)— #(10**— 1). 

Now, let +A=10 ±i — 1, whence 

log(+raA)=log( + £)±^/— jTj Mf nearly, and also 


log (i*— y)=log (ix-tf)- 

It is not often that the third term of either formula will be required. 

I have gone into all this detail, because the inverse tangent is continually presenting 
itself in all these integrations, and because no book that I know shows the proper way 
of handling it. 

23. The following constants arc needed for these and similar formulae : — 


10+logm =9-63778 43113 00537, 
10-flogl° =8*24187 73675 90828, 
10+logT =6-46372 61172 07184, 
10-f-log l"=4-68557 48668 23541, 


logM=0*36221 56886 99463, 
—log 1°=1-75812 26324 09172, 
-log T =3-53627 38827 92816, 
—log 1"=5-31442 51331 76459. 


24. As an example of finding the inverse tangent, let it be required to find logy and 
log (iw— y) from 

log tany=9-02313 50437. Here we must take 
log tan #= 9*02303 57359 

+t= 9 93078; .-. #=6° 1' 10"=21670" 

~ -Jx— #=302330" 

3 M 


MDCCCLXII 









426 


MB. C. W. MEBBIFIELD ON A NEW METHOD OF APPBOXIMATION 


log sin *=9*0206346 
log cos *= 9*997 6988 
log £=5*9969834 
ar. co. log *=0*9785662 

t sin 2a? 


lo g 2x 

2nd correction 


=5*9937830 
—•14 


log sin* *= 8*0413 
log 2=0*3010 
log £= 5*9970 
log (2 sin* *)= 4*3393 

2 sin* *= 21,800 

t sin 2x 


log*21670= 4*33585 89113 
log 1 M =4*68557 48668 
log *=9*02143 37781 
£= +9 85786 

logy =9*02153 23567 


2x 


-= 985,8 


log £=5*9937816 
hi +493 


1007,6 
—£= — 993,1 


log »iA= 5*9938309 2nd correction = 14,5 

log *= 9*0214338 
ar. co. log ($7T — *)= 9*8339439 
log corrcction= 4*8492086 


The comma ciu« off the 
eighth decimal. 


log 302330=5*48048 12441 
log 1"= 4*68557 48668 
log (^r-*)=016605 61109 
correction= — 70666 

log (^-^=0*16604 90443 


Verification . — The numbers corresponding to these logarithms of y and of +r — y are 
0*10508 29743 and 1*46571 33525, the sum of which, to the very last figure, is 
exactly ^jj*. 

t i. — y+ i 1 


IX A X I 1. 

25. To find log from logy.— Let log“=lo g~-j+i>, and log y=log x±q ; 

then log^)=log +^+^—1’ near ^y* This formula obviously fails where y is 

near unity ; in this case log r cannot be had with great accuracy, unless y itself be 

given absolutely. All the cases of m ay be included in the above formula by 

giving proper signs to p and q. It may save trouble to remark that x must not always 
be taken to the extreme limit of the Table, because log(*+l) and log (* — 1) have also 
to be taken out. As an example, let 

logy=0*36290 63835 

*=2*306, *+1=3*306, *—1=1*306 
log (*+l)= 0*51 930 28492 
log (*— 1)= 0*11594 31769 
sum=0*63624 60261 


log *=0*36285 93030 
q- 4*4 70805 
log 2=5*6728411 
ar.co. log(** — 1)=9*3647540 

5+375951 
log *=0*3628593 
log 2=0*3010300 
6*7014844 
2nd correction = —1226 

log^=6*7013619 


~2~. =0*0001090 

OC ~~~~ X 


\r- 


135 


2nd corr n = 0*0001225 


difference= 0*40336 96723 
-p- -5 02761 

log 1^1=0*40330 93962 
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This example has been so chosen as to admit of easy verification. In fact y=2 - 30625, 

and log|~=log ^=0-40330 93959 24. The error is therefore only of three units 

in the tenth decimal place, where there was no reason to expect accuracy. 

26. The only other formulae which I shall give are the following, for finding the 
logarithm of a number, and vice versd. They are indispensable where more than seven 
figures are required. 

Let log (#+A)=log#4;#, then 

i r i /mh\ 1 mh . 

log £=log j +2 x nearly, 
log A=log (M>#)+ | k nearly. 


The values of log m and log M have been given in paragraph 23. 

27. As an example of the application of the method to the evaluation of elliptic 
integrals of the third class, let us take the integral 



d<p 

(i— sin 2 *. sin 2 ?) (1 


— sin 2 ® .sin 2 ?)* 


for the values a =45°, 0=30°, p = 60°. 

I have selected these values because they can be obtained without reduction or inter- 
polation from the Table of A(0, <p) which I have given, and also because sin* a = sin 0, 
and therefore the integral can be reduced to one of the first class, plus an inverse tangent, 
thus admitting of easy verification. For this case 


s*= 


(1— sin 2 a.sin 2 ?) ^1— sin 2 9. cos 2 sin 2 ?^ 


2 sin 2 a 


S Zk ^ . 2 . 2 . cosa 

sm 2 a— sin 2 9.cos B — - 
* 


tan 1 (cos a . tan <p) 


2 sin 8 ® cos 2 ^ 


sin 8 * — sin 8 ® . cos 9 -~ 
* 


l —j~ ^1— sin* A cos 2 *tan~ 1 j ^ 1 — sin 2 0 . cos* *tan j . 


Making y successively 22° 30', 45°, 67° 30', and, for the odd term, 90°, we find, after a 
few obvious reductions, that eight times the value of the integral is 


{V 7 +Ay ( 45°767S+ A»(45°, 22 l)l t4 “"{ C03 45°. tan 60”) 

“’cosW ftan ~^ cos 30°. tan 60°} — | A 45 ^ tan" 1 { A(30°, 46°). tan 60°} 

tan- 1 { A(30°, 67|) .tan 60°} .cos 8 22£ _ tan-» { A(30°, 22|) .tan 60° j- .cos 8 67| , 
A*(45 d ,674).A(30°,674) A 8 (45°, 224).A(80P, 22*) 


3 M 2 
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As these inverse tangents range generally from 45° to 60°, I computed them by the 

//.sin# cosx\ 

shortened formula of paragraph 22, namely log ( - — ) -jrt ; this being sufficient to 

give eight figures of decimals accurately. I found 


log tan -1 ^ cos 45° tan 60°} =9*94747 15296, 

log tan-^cos 30° tan 60°f =9*99246 23739, 

log tan -1 {A(30°, 45°) tan 60°f =0*00766 92607, 
log tan“* |A(30°, 67*). tan 60°} =9*99727 33807, 
log tan-‘{A(30°, 22*).tan 60°} =0*01665 09657. 


I hence obtained the following values : — 

For the positive terms. 

7*10091 3039 
4*37212 6152 
2*70421 6251 
14*17725 5442 
3*69590 9978 
8)1 0*48134 5464 

1*31016 8183 value required 


For the negative terms. 

. 1*13483 2441 
0*72539 4027 
1*66839 9478 
0*16728 4032 
3*69590 9978 


A more exact value of the integral, otherwise obtained, is 

*F(30°, 60 o )+tan- l (~|~) =1*31016 8161, 

which differs from the previous value by 2 units in the eighth decimal place. 

28. In order to find how many places ought to have been accurately obtained, I 

13 

observe that the method followed gives N=yg, r=l, whence 

log */n)= 9*95491 =log sin 64° 20' 30". • 

The corresponding meridional parts are 5086*5, which must be multiplied by t= 8, 
giving 40692*0. Referring to the Table in paragraph 14, I find that this nearly corre- 
sponds to ten places correct, and therefore that the integral ought to be correct to at 
least that, extent. That it is not so, is due to my having curtailed the formula for 
finding the logarithms of the inverse tangents. But my object was only to give seven 
decimals correct, and my going beyond that was simply because, with a ten-figure 
Table, putting down the additional figures gave me less trouble (once I had to use more 
than seven) than abbreviation would have done. This remark may at first sight seem 
strange to 'any one who has not had some practice in using large Tables. But the loga- 
rithmic corrections are given in the shape of arithmetical complements : with reference 
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to the 10th figure, therefore, considered as an integer, the index is right as it stands, 
and we^ieed not bestow thought on the proper placing of the correction, as we n^ust if 
we use any other number of figures. 

29. If we had been content with five decimals, the calculation would have been very 
easy, for in that case we might have used six-figure logarithms, and have made i — \ , 
thus omitting the terms containing 22°^ and 67°£. We should get 

7*10091 3039 1-13483 2441 

1-86022 6468 0-72539 4027 

4)5-24068 6571 L86022 6468 

1*31017 1643 value required. 

30. It is worth while to notice a case which will sometimes occur, namely (using the 
notation of the last example), that the values may be so selected as to give, for one of 

kit 

the values of k, sin a= sin 0. cos y, and thus each of the terms into which j 'z k d/p was 
divided would become infinite. Of course the difficulty is only apparent ; for in this 
case the proper value is ^z k d<p~ sinS ^ 9 , of which the integral may be at once 

found by differentiating the expression 


Section III . — Extension of the Method. 


In respect of rapid approximation and precision of limit, the foregoing processes 
leave nothing to be desired, as far as concerns the radical of the square root ; but they 
do not go beyond that. Mr. Sylvester has given an elegant extension of the method 
to radicals of a higher index, by means of symmetric functions*. 

The more general problem before us is that of approximating to the integrals of 
irrational functions by means of rational substitutions. 

Let <p and 4> be functional symbols, and y a function of z ; then, that <p{z).y m and 
<p(z) : y m should both be. approximations to <p(z), depends upon y m approaching unity as m 
increases. Assuming that y m and y x are connected by the equation y m —yj,(m, y,), our 
problem is to choose \f/ so that, in the first place, the approximation shall be exceedingly 
rapid, and, in the next place, that <p(z).y m and <p(z):y m shall both (or at least one of 


them) be thoroughly manageable, and easily integrable. In the case of the approximants 


already given, the equation y m =4(?w,y 1 ) 


has been made 



I am acquainted with three general methods which effect the object more or less. 
The first is the obvious one afforded by the Newtonian approximation to the roots of an 
equation; viz., let a be a first approximate solution, obtained by trial, of the equation 
fx=zQ t and call f'x the differential coefficient of fx ; then a second approximation is 


* See the Philosophical Magazine for December 1860, Supplementary Number, vol. xx. p. 626, note A. 
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a—ji^—b ; a third approximation will evidently be b—jjfi—c, and so forth. If we apply 

this method to the pure equation x n =p, the convergent terms which we obtain are as 
follows : — 

, («— l)a" +p 

O ruin- 1 ’ 


^__(n-l)](n— l)a n +p\ n + n n .p.a« n - l '> ^ 

^ » 8 a" -1 |(n— l)a n +p^ B-1 * 

The second method is that of the reversion of series ; it is sufficiently discussed by 
Arbogast * 

The third method was suggested to me by Mr. Cayley’s remark that Mr. Sylvester’s 
third approximation is a particular case, for n= 2, of the common form (of the books on 

the binomial theorem) . a , approximately, a being a first approxi- 

mation. In order to gain generality, and thereby symmetry, I shall pass from the par- 
ticular form -v/N to the more general <p~* N by the following Lemma : — 

Let -{■ •d? 3 # 3 -{- , (1*) 


and let x x , x a , x a , x 4 be determined by the system of equations, 

N=„.(l+£*,) 

=«.( 1 +^.( 1 +^*,)) .... 
=«.( 1 +^.(l+^,( 1 +^,))), 

and so forth ; also let N — <z 0 =fe», and 

l=(p—a l x—a. 2 x !l —a a x 3 — )(Ao+A|#+A2# a +AyF , + ....), 

then *o a, A«-i 

Xi — x a — ^ .... x n — ^ . 


( 2 .) 

(3.) 


For, if we substitute these values in the equations (2.) after placing them in the 
following form, 


/u=N— ff 0 =a 1 ar, i | 

— (X/\3C a CL a X yT | . . 

- - ■ (L\X a "i” d< t x 3 x a — h ) , - 

and so forth, we obtain 

fl i^i +<*2^0 fljAg -f* a 2 X, + « 

^ ~ ^ - &C *’ 


W 


. ( 5 .) 


which are the same equations as we should get by multiplying the two series in (3.) and 

equating to zero the coefficients of x and of its powers. The, coefficient A 0 =^, 
obviously. 


* Calcul dee Derivations, pp. 288-296. 
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The coefficients X may now be found in a variety of ways ; by solving equations (4.) 
or (6.), by simple division, or by Arbogast’s processes *. The object of the preceding 
lemma is to connect the quantities x n with the coefficients of division and of recurring 
series. Our results in any way are, 


_ 

1 a,’ 8 a^ + a, 8 ’ „ 

gg/x 2 + a, V 

a 3 ft? + 2 a 3 a,ft + a, 8 ’ 


fla/t 3 + 2a a a 1 ft g + a*i* 

X * a^ 8 +’(2a s a, + a 2 2 )/x 2 + Sa^a^/i + a^ 4 ' 


If for a 0 , a„ &c. we substitute the coefficients of the binomial theorem, so as to make 
N=(a+a?)", we obtain 


Qi'\-L V t — 


(n- 


•l)a n +N 

na n 


o, 


(w—l)a n + (» + 1 ) N 

^T)^ + (n-TjN * a ’ 

(n s — l)a 8n +(4n 8 + 2)a»N+(ra 8 — 1)N 8 
«+^ 3 — ( w+ 1) (n -f- 2)a* n + l)fl“N + (»— 1) (»— 2)N 8 * a ‘ 

Making n— 2, we obtain Mr. Sylvester’s approximants to the square root, and A„ is then 
the coefficient of x n in the development by ascending powers of 

1 

(N — a 8 ) — 2 ax—x 1 ’ 

and so far the method agrees with the Newtonian approximation by continued fractions ; 
but from this point the two methods diverge. For w=3, A„ is the coefficient of a?" in the 
development of 

1 . 

(N — a 8 )— 3o 8 a?— 3aa? 8 — a? * 

and the successive approximants are 

2<*®+N _ o 8 +2N 4o 6 +19a 3 N+4N 8 5o 9 +45a 6 N+30a 8 N 8 +N 8 

3a 3 • a ’ 2« 8 +N.‘ 10a 6 + 16a 8 N + N 8 ‘ 15a 9 +51a 6 N + 15^* * a ’ ’ 

while the second approximant obtained by successive substitution is 

16a 9 + 51o«N+ 12a®N*+2N 8 
36a 9 +36^ + 9a 3 N 8 * a ‘ 

What these methods all effect is simply a rational approximation to the value of y in 

du 

the equation <p(y,z)=0. Then, making y=j~, we have only to integrate in order to 
find the value of u. They thus constitute a means of approximately solving, in respect 
of u, differential equations of the form *(*■ l)=° ; but they do not effect the solu- 


* See his * Calcul des Derivations,’ pp. 26, 29 ; or Db Mobgax, * Diff. Calc.’ p. 331. 
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tion of this equation in respect of z, and still less do they solve the more general form 

?( w ’ 32 ?) = 0 * 

It may suggest processes of reduction in some cases to remark, that there are many 
other functions of y m and <p(z), which will approximate to <p(z) as m increases, besides 
the simple product or quotient of <p(z) by y m . 

There is one point about these higher approximants, of which a solution, even if 
accompanied with considerable restrictions, would be extremely desirable, — I mean the 
resolution of the denominators into factors. I do not suppose that the problem, in its 
perfectly general form, admits of a compact solution ; but any class of cases, of even 
moderate generality, for which it could be elegantly solved, would probably have very 
useful applications. The criterion of convergence and the measure of approximation 
would also have their interest. 
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Specimen sheet of work for the Table. Arc of 60°. 


log sin 22}= 9*58283 

96605 

83* 

log tan 3 L= 9*0913166 

log cos L=9*97473 

27132 

log sin A = 9*93753 

06316 

96 

log s= 5*3160144 

C= + 

25545 

log sin M = 9*52037 

02922 

79 

4*4073310 

log A=9*97473 

62677 

log sin L = 9*52039 

09944 


S+ *1 

V —233 

s tan* L= J 



*s = —2 

07021 




s tan 3 L = 

25546 


log c= 4*4073077 



log sin 45°= 9*84948 

50021 

68* 

log tan 3 L= 9*7781*471 

log cos L=9*89794 

07883 

log sin A = 9*93753 

06316 

96 

log 8= 4*1137763 

c= — 

7797 

log sin M = 9*78701 

56338 

64 

3*8919234 

log A =9*89794 

00086 

log sin L = 9 - 78701 

43344 


8+ "I 

} + 21 
s tan 3 L= J 



8 = + 

12995 




s tan 3 L = 

7821 


log c= 3*8919255 



log sin 67}= 9*96561 

53459 

21* 

log tan 3 L= 10*2501550 

log cos L= 9*77806 

£4352 

log sin A = 9*93753 

06316 

96 

log s= 4*7816118 

c= — 1 

07593 

log sin M = 9*90314 

59776 

17 

5*0317668 

log A =9*77805 

16759 

log sin L = 9 90313 

99296 


s+ t 

\ +168 
s tan 3 L— J 



8 = + 

60480 




8 tan* L = 1 

07589 


log c= 5*0317836 



log tan 22j= 9*61722 

43146 

62* 

log sin 3 L= 8*6140815 

log cos ££}=9*9656l 

53459 21* 

log cos A = 9*69897 

00043 

36 

log t= 5*5451559 

log sec L =0*00911 

84784 

log tan M = 9*31619 

43190 

08 

4*1591374 

9-97473 

38243 

log tan L = 9*31615 

92213 


t_ l +327 

t sin 11 L— J 

c= + 

14430 

t = + 3 

50877 


log A= 9*97473 

52673 

t sin* L = 

14018 


log c= 4*1591701 



log tan 45 = 1 0*00000 

00000 

00* 

log sin 4 L= 9*3009948 

log cos 45 =9*84948 

50021 68* 

log cos A = 



log t= 5*3429218 

log sec L =0*04845 

060 17 

log tan M = 9*69897 

00043 

36 

4*6439166 

9*89793 

56039 

log tah L 3= 9*69894 

79790 


‘“l +176 

t sin 4 L= J 

c= + 

44049 

t = +2 

20253 


log A=9*89794 

00082 

t sin* L ss 

44047 


log c= 4*6439342 



log tan 671=10*38277 

56853 

38* 

log sin* L= 9* 7730722 

log cos 67} =9*58283 

96605 83* 

log cos A = 9*69897 

00043 

36 

log t= 4*7719327 

log sec L =0*19521 

55228 

log tan M =10*08174 

56896 

74 

4*5450049 

9*77805 

51834 

log tan L =10*08175 

16044 

___ 

t_ 1 — 24 

c= - 

35075 


59147 

35075 


t sin 4 L— J 
log c= 4*5450025 

log A=9*77805 

16759 

t BID* Li = 





Note . — The entries marked *, and the whole of the letter-press, were printed on the sheets. The letter A 
on this page corresponds to 0 in the Table. 
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Table of the value of the function log A(0, at) or log V(\ — sin* 6 . sin 8 a/) for four values 

of at, viz. 22° 30', 45°, 67° 30 f , and 90°. 


t. 

log A (*, 22° 30'). 

log A (/, 45°). 

log a (/, or 3<y). 

log COB i. 

n 

0 

1 

9-99999 03138 

9-99996 69274 

9-99994 35386 

9-99993 38497 

0 

1 

2 

9*99996 12643 

9*99986 77197 

9*99977 41349 

9-99973 53589 

2 

3 

9-99991 28792 

9-99970 24074 

9-99949 17311 

9-99940 44063 

3 

4 

9*99984 52048 

9-99947 10407 

9-99909 62308 

9-99894 07898 

4 

5 

9-99975 83051 

9-99917 36910 

9-99858 74990 

9-99834 42260 

5 

6 

9-99965 22633 

9-99881 04507 

9-99796 53618 

9-99761 43489 

6 

7 

9*99952 71805 

9-99838 14325 

9-99722 96070 

9-99675 07098 

7 

8 

9-99938 31764 

9*99788 67716 

9-99637 99831 

9-99575 27754 

8 

9 

9-99922 03891 

9-99732 66254 

9-99541 62004 

9-99461 99270 

9 

10 

9*99903 89748 

9-99670 11740 

9-99433 79300 

9-99335 14589 

10 

11 

9-99883 91084 

9-99601 06211 

9-99313 48042 

9-99194 65764 

a 

12 

9*99862 09825 

9*99525 51957 

9-99183 64168 

9*99040 43940 

12 

13 

9-99838 48090 

9-99443 51515 

9-99041 23213 

9-98872 39328 

13 

14 

9-99813 08170 

9*99355 07689 

9-98887 20337 

9-98690 41185 

14 

15 

9-99785 92542 

9-99260 23560 

9-98721 50300 

9-98494 37781 

15 

16 

9*99757 03868 

9 99159 02501 

9-98544 07479 

9-98284 16370 

16 

17 

9-99726 44986 

9-99051 48183 

9-98354 85857 

9*98059 63156 

17 

18 

9*99694 18915 

9-98937 64594 

9-98153 79027 

9-97820 63255 

18 

19 

9-99660 28857 

9 98817 56060 

9-97940 80200 

9-97567 00654 

19 

20 

9-99624 78189 

9-98691 27246 

9-97715 82198 

9-97298 58164 

20 

21 

9-99587 70469 

9-98558 83197 

9-97478 77462 

9-97015 17377 

21 

22 

9-99549 09429 

9-98420 29331 

9-97229 58056 

9-96716 58605 

22 

23 

9*99508 98979 

9-98275 71478 

9-96968 15661 

9-96402 60827 

23 

24 

9-99467 43204 

9-98125 15899 

9-96694 41603 

9-96073 01625 

24 

25 

9*99424 46358 

9-97968 69297 

9-96408 26837 

9- 95727 57115 

25 

26 

9*99380 12870 

9-97806 38852 

9-96109 61968 

9-95366 01869 

26 

27 

9*99334 47337 

9-97638 32245 

9-95798 37258 

9*94988 08840 

27 

28 

9-99287 64524 

9-97464 57677 

9-95474 42643 

9-94593 49269 

28 

29 

9-99239 39363 

9*97285 23905 

9-95137 67741 

9-94181 92587 

29 

30 

9-99190 06948 

9-97100 40265 

9-94788 01877 

9-93753 06317 

| 30 

31 

9-99139 62526 

9-96910 16705 

9-94425 34100 

9-93306 55951 

31 

32 

9-99088 11517 

9-96714 63813 

9-94049 53211 

9*92842 04835 

32 

33 

9-99035 59484 

9-96513 92 852 

9-93660 47788 

9-92359 14023 

33 

34 

9-98982 12144 

9-96308 15797 

9-93258 06231 

9-91857 42135 

34 

35 

9-98927 75363 

9-96097 45359 

9-92842 16784 

9*91336 45194 

35 

36 

9-98872 55150 

9-95881 95031 

9-92412 67607 

9-90795 764’46 

36 

37 

9-98816 57654 

9-95661 79121 

9-91969 46797 

9-90234 86165 

37 

38 

9-98759 89157 

9-95437 12781 

9-91512 42488 

9-89653 21441 

38 

39 

9-98702 56072 

9-95208 12065 

9*91041 42888 

9-89050 25944 

39 

40 

9-98644 64943 

9-94974 93945 

9-90556 36388 

9-88425 39665 

40 

41 

9*98586 22425 

9-94737 76364 

9-90057 11640 

9-87777 98629 

41 

42 

9-98527 35294 

9-94496 78273 

9-89543 57674 

9-87107 34581 

42 

43 

9-98468 10429 

9-94252 19663 

9-89015 64024 

9-86412 74638 

43 

44 

9-98408 54812 

9-94004 21611 

9-88473 20869 

9-85693 40901 

44 

45 

9-98348 75524 

9-93753 06317 

9-87916 19193 

9*84948 50022 

45 
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Table 

(continued). 


$. 

log A (*, 22° 30'). 

log A (*, 45°). 

log A (/, 67° 3O0- 

log cos /. 

* 

1 

4<J 

9*98288 79722 

9*93498 97136 

9-87344 50980 

9-84177 12731 

■ 

46 

47 

9*98228 74657 

9*93242 18620 

9-86758 09423 

9*83378 33303 

47 

48 

9*98168 67640 

9*92982 96543 

9-86156 89166 

9-82551 08951 

48 

49 

9*98108 66053 

9*92721 57944 

9*85540 86587 

9*81694 29168 

49 

50 

9*98048 77326 

9*92458 31150 

9-84910 00105 

9*80806 74967 

50 

51 

9*97989 08943 

9*92194 45794 

9*84264 30543 

9*79887 18039 

51 

52 

9*97929 68415 

9*91927 32846 

9*83603 81532 

9*78934 19787 

52 

53 

9*97870 63285 

9*91660 24627 

9*82928 59976 

9*77946 30249 

53 

54 

9*97812 01111 

9*91392 54820 

9-82238 76555 

9-76921 86852 

54 

55 

9*97753 89457 

9*91124 58470 

9*81534 46333 

9-75859 13013 

55 

56 

9*97696 35878 

9*90856 71996 

9*80815 89399 

9*74756 16513 

56 

57 

9*97639 47918 

9*90589 33160 

9*80083 31625 

9-73610 87645 

57 

58 

9*97583 33090 

9-90322 8 1075 

9 79337 05490 

9*72420 97077 

58 

59 

9*97527 98869 

9*90057 56154 

9*78577 51006 

9-71183 93361 

59 

60 

9*97473 52675 

9-89794 00084 

9*77805 16759 

9-69897 00043 

60 

61 

9*97420 01874 

9*89532 55788 

9-77020 61055 

9-68557 12291 

61 

62 

9*97367 53742 

9-89273 67330 

9-76224 53190 

9-67160 92909 

62 

63 

9*97316 15478 

9*89017 79885 

9-75417 74828 

9-65704 67649 

63 

64 

9*97265 94174 

9*88765 39622 

9-74601 21530 

9-64184 19615 

64 

65 

9-97216 96810 

9*88516 93618 

9-73776 04387 

9-62594 82593 

65 

66 

9*97169 30239 

9-88272 89739 

9-72943 51756 

9*60931 32999 

66 

67 

9-97123 01175 

9-88033 76506 

9-72105 11125 

9*59187 80116 

67 

68 

9-97078 16179 

9-87800 02961 

9-71262 51046 

9*57357 54170 

68 

69 

9-97034 81644 

9-87572 18497 

9*70417 63081 

9-55432 91617 

69 

70 

9-96993 03790 

9-87350 72689 

9*69572 63771 

9*53405 16846 

70 

71 

9*96952 88643 

9-87136 15099 

9*68729 96519 

9-51264 19176 

71 

72 

9*96914 42028 

9-86928 95088 

9*67892 33280 

9*48998 23640 

72 

73 

9-96877 69561 

9-86729 61579 

9*67062 76041 

9*46593 53400 

73 

74 

9-96842 76594 

9-86538 62846 

9-66244 57824 

9*44033 80750 

74 

75 

9*96809 68303 

9-86356 46269 

9*65441 43168 

9-41299 62305 

75 

76 

9-96778 49569 

9*86183 58088 

9*64657 27859 

9-38367 51767 

76 

77 

9-96749 25025 

9*86020 43157 

9-63896 37732 

9-35208 80330 

77 

78 

9*96721 99032 

9*85867 44678 

9-63163 26324 

9*31787 89102 

78 

79 

9*96696 75670 

9*85725 03958 

9-62462 71226 

9*28059 88450 

79 

80 

9*96673 58731 

9*85593 60134 

9*61799 68925 

9*23967 02300 

80 

81 

9*96652 51705 

9*85473 49940 

9-61179 28070 

9*19433 24413 

81 

82 

9*96633 57778 

9*85365 07456 

9-60606 61106 

9*14355 53039 

82 

83 

9-96616 79819 

9*85268 63874 

9-60086 74357 

9*08589 44712 

83 

84 

9-96602 20377 

9*85184 47281 

9-59624 56795 

9*01923 45656 

84 

85 

9*96589 81672 

9*85112 82461 

9-59224 67793 

8*94029 60083 

85 

86 

9*96579 65594 

9*85053 90708 

9-58891 24439 

8*84358 45184 

86 

87 

9*96571 73697 

9-85007 89667 

9-58627 88989 

8-71880 01636 

87 

88 

9-96566 07187 

9-84974 93212 

9*58437 57166 

8*54281 91639 

88 

89 

9-96562 66934 

9*84955 11322 

9*58322 48116 

8-24185 53184 

89 

90 

9*96561 53459 

9-84948 50022 

9*58283 96696 

—log. infin. 

90 
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XXX; On Simultaneous Differential Equations of the First Order in which the Number of 
the Variables exceeds by more than one the Number of the Equations. Dy George 
Boole, F.R.S . , Professor of Mathematics in Queen's College , Cork. 

Beceived June 19, — Bead Juno 19, 1S62. 

It is a fundamental proposition of analysis that a system of n differential equations of 
the first order containing w-f-1 variables admits of n integrals, each of which is 
expressed by a function of the variables equated to an arbitrary constant. 

But when a system of n differential equations of the first order connects n-\-r vari- 
ables, r being greater than unity, no existing theory assigns in a general manner the 
number of theoretically possible integrals of the above species, or shows us how to dis- 
cover them. Yet such cases are of great importance. 

I wish to develope here the theory of a method for the solution of the above classes 
of equations, which was published by me in the * Proceedings of the Royal Society ’ for 
March 6 th of the present year, and which enables us to assign the number of theoreti- 
cally possible integrals, and to reduce their discovery to the solution of a system of 
simultaneous differential equations equal in number to the number of integrals, and 
expressible as exact differential equations. 

The solution of the problem as thus reduced may be effected by known methods, but 
I have thought it desirable to discuss this part of the subject also in direct sequence to 

the other, and in conformity with its method. 

♦ 

Of the Connexion between ordinary and partial Differential Equations. 

It has been found convenient, in researches bearing upon the general theory of dif- 
ferential equations, to use the term ‘ integral ’ in two distinct senses, viz. to denote, as 
above, a relation satisfying the differential equation or system of equations, and expressed 
by the equating of a function of the variables to a constant, and to denote the function 
itself. The particular sense intended will always be shown by the connexion. 

With this convention two systems of differential equations will be said to be equi- 
valent when they have in either of the above senses (and the one implies the other) 
the same system of integrals. This will explain the meaning of the following pro- 
position. 

Proposition I. — A system of n ordinary differential equations of the first order con- 
necting n+r variables may be converted into an equivalent system of r linear partial 
differential equations of the first order. 

Let x a , ... x n+r be the variables, then the supposed given system of differential cqua- 
MDCCCLXII. 3 0 
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tions may, by algebraic solution with respect to dx M . . dx n , be reduced to the form 

*• . ^ 

Ajjd^ n+ ,“f*Aj S d^ a +9 • • • 4"^ir^it+f) 

• • • I A ar dir„ +r , 


(I.) 


dx n — J^ ni dx n+ i “^“Afljd^+j • . • “I - A nr dx n+ry j 

the coefficients A,„ A ia , &c. being functions of the variables. 
Let P=c be an integral of the system. Then 

d P 

///n I W/vi I 

di r, 


dx x -\-^dx^ . . . + 


dx. 


dx„ +r — 0. 


n+r 


Substituting in this equation the values of dx„ dx „ . . . dx n given by (I.), we have 

/EE, A EE i a EE . A EE\^ 

^dr„+i '^ u dx x ''^ l dx i * *' + A » l dx n ) a *"+' 


d P 


+{£r,+ A »£-,+ A 


EE 

M dx a 


i A EE 

^ A » 9 dr, 


) 


dx. 


n4* 3 


, / rfP , . dP , . dP . . dP\ , n 

+ (^“T r + A »^+ ^ ^ * + A "' dr J dx n + r — 0. 


As the differentials d: r n+ „ <fcr„ +3 , . . . <^r„+, are now independent, we have, on equating 
their coefficients separately to 0, 

dP 

_ ■ j\ i r\ i a 

di v„ 


.a EE . a EE . A EE_o 

<te, +l +A “dV** 


dP , A dP , A dP , A dp_ A 
dr n+3 ‘ 1_Al9 dr 1 “*" Aa9 dr dx n ~ u » 


(II.) 


dP 
dx n + r 


+ A >-^+ A9 -^' 


• + A »’-^ B — °’ 


a system of r linear partial differential equations, the common integrals of which will be 
the integrals of the system (I.). We say ‘ the com/mm integrals of which,’ because in 
fact these equations express the conditions to all of which P must be subject in order 
that P=c may be an integral of the system (I.). 

The formal connexion between the systems (I.) and (II.) deserves to be carefully 
noticed. The several partial differential equations of the system (II.) may be formed by 
inspection from the. columns in the right-hand member of the system (I.) by the follow- 
ing rule. For the differential dx n+i in any column write the differential coefficient 


rfP rfP iP 

, to this add the series of differential coefficients jgp ...jgr multiplied in succes- 
sion by the descending coefficients of the column, and equate the final result to 0. 

The symmetrical form of the equation 


EE 

dx x 


^ , +dr/ a?a 


+ 


d P 


dx n+r =z0 
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shows. that by an exactly similar rule any system of n partial differential equations of 
the first order, the terms of which consist of the differential coefficients of P multiplied 
by functions of the independent variables x u x a ,... x n+r , may be converted into an equi- 
valent system of r common differential equations of the first order. 

For the proposed system of partial differential equations is by algebraic reduction 
expressible in the form 

dP , A dP . . rfP 


dx~^' 


n+ 1 

dP . dP 

=A ai 


di 


«&•»+ 1 
d p 




dx n + a 
d P 

88 dx n+2 

dP 


dx, 


•» + 1 


'^ An2 dx 


n-f -2 


...+A lr 

dx, 

. . . -f- A 


<&n+r’ 

d P 


n+r 

JP 

nr dx n+r ‘ 


(III.) 


If the values of in this system be substituted in the previous general 

</P rfp dP 

equation, and the coefficients of the differential coefficients i 5 j — — , • ••-. in the 

^ dx n+ , di r„ +a dx n+r 

result be separately equated to 0, we shall have 

<fcr„ +1 +A n dXi + A ai dx 2 ...+A nl <£r„=0,' 

dx n + 2 -\- Aj 8 dx x -fA aa dx 2 . . . -f- A„ a dx H = 0, v (IV.) 

dx n+r + A lr dx j + A ar dx a . . .+ A„ r dx n — 0. 

These equations may in like manner be formed by inspection from the columns of 

rfP 

the second member of (III.), by writing for ^ — in any column dx n + ( , adding to this 

dXi, dx 2 , . . . dx n multiplied by the descending coefficients of the column, and equating the 
final sum to 0. The rule for the one case differs from that for the other only in that 
differentials take the place of differential coefficients. 

As an objection may be felt to the legitimacy of that step of the above process in 

which, the differential coefficients • • • -~j~ being eliminated, the coefficients of the 

remaining ones arc separately equated to 0, I will point out another mode of procedure 
which leads to the same result, and which is founded upon Lagrange’s method of 
solution. Let the equations of the system (III.) be added together after having been 
multiplied respectively by \ 2 , ... which are to be regarded as indeterminate func- 
tions of the variables x 2 , . . . x n+r . The result will be a linear partial differential equa- 
tion of the first order, of which the Lagrangian auxiliary system of ordinary differential 
equations will be 

~~dx n + 1 —dx, 


dx | dx a dx „ 

A| Aj An 

Hence, eliminating A„ A a , . . . A„, 


n+r 


A|1 *!•••+ Art A* Air \ ... + A Hr An 

or more strictly speaking the ratios 


An 


A n — i 

A? *** “AT 
3 o 2 



440 


PROFESSOR BOOLE ON SIMULTANEOUS DIFFERENTIAL 

we have 

An dXi ... | A,i dXn—— ““ 

• •••••*••• 

A lr dx t ... +A nr dx n+ri 

which agrees with the system (IV.). 


Of the Determination of the Number of Integrals of a system of Differential 
Equations of the First Order and Degree. 


We still suppose the given system of differential equations to be expressed tinder the 
general form (I.), and reduced by Prop. I. to the equivalent partial differential system (II.). 

Now if for the expression of that system we introduce a series of symbols A„ A„ ... A, 
defined as follows, viz. 


A.=3b+ A 4+ A 4 


'+ A -‘ib 


the system will assume the form 


( 1 .) 


A,P=0, A a P=0, ... A r P=0, 


. . ( 2 .) 


and we shall now establish the following proposition 

Proposition II. — If A,P=0, A,P=0 represent any two linear partial differential 
equations of the system (II.), then will the equation of which the symbolical expression is 

(AA~A,A)P=0 (3.) 

also be a linear partial differential equation of the first order , and it will be satisfied by 
all the common integrals of the two equations from which it is formed. 

For, representing any one of the quantities x 2i ...x H byx t and any function of those 

quantities by X, A< consists of a series of terms of the form X ^r. Again, representing 
any one of the same series of quantities x M . .. x n by y, and any function of them by Y, 

A j will consist of terms of the form Y Hence (A,A 2 — A a A,)P will consist of terms 
of the form 

(x|y|-y|x|)p. 


Effecting the differentiations, this term becomes 


or 


X 

X 


dY dP v l*P 

dx dij ‘ dxdy 

dY dP_ Y dX dP 

dx dy dy dx 


Y 


flX dP d*P 

dy dx dxdy 1 


which involves only the first differential coefficients of P. Hence (3.) will be a linear 
partial differential equation of the first order. 

Ilcnce also the ultimate fonn of (3.) will be the same as if A„ when operating on 
AjP, operated only on the coefficients A v - ... A^ involved in A,, and viceversd. Thus the 
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ultimate form of (3.) will be 

(A,A u -A Ai )^+(A.A v -A,A,)‘| +(A i A,-A,A,)g=0. 


• • ( 4 .) 


Secondly, the equation (A; Ay— Ay A,)P= 0 will be satisfied by any common integral of 
AiPsO and AyP=0. 

For let <p=:c be a common integral of the latter equations. Then, identically, 

A,p=0, A/p—O ; 

therefore, since Aj and A f involve only operations of differentiation together with alge- 
braic ones, 

AyA<p=0, A i A J <p=0 ; 

AA/P— AjA#=0; 

whence (3.) is also identically satisfied. 

Proposition III. — If, by the successive application of Prop. II., and by permitted pro- 
cesses of algebraic elimination , we derive from the system of partial differential equations 

A,P=0, A 2 P=0, A r P=0, 


into which the given system of differential equations has been converted, a final system of 
partial differential equations which , while including the above system, shall be such that 
the application of Prop. II. to any pair of the equations contained shall lead only to an 
identity, then the number of integrals of the given system of differential equations will 
be equal to the number of variables they contain, diminished by the number of partial 
differential equations of the above final system. 

The developed form of the system 


is the following 


A,P=0, A a P=0, ... A r P=0 


ao 


, A 4_a 2?-o 


J*P_4_A £ j_ A *?-0 

dx n+ I^^ n dx x — — u » 


1 dx n ~ 

d P 
l dx n 


dP dP , . f/P_ ft 
■ n+r ^ A ^dx l ”‘+ A «'dx n -°- 


dx, 


( 2 .) 


Comparing these with (4.), Prop. II., which is the developed form of the equation 
(A l A,-A > A,)P=0, we see that the latter equation is necessarily algebraically independent 
of the above system; for no equation derived from that system by” algebraic processes 

could be free, as (4.) is, from all the differential coefficients ^ 


1 


dx. 


n+r 


Again, as ( AAj — AA)P = 0 is satisfied by all the common integrals of A,P=0 and 
AyP=0, it follows that the system of r+1 equations, 

A,P=0, ... A r P=0, (A, Ay— AyA|)Pp= 0, ...... (3.) 

will be satisfied by all the common integrals of the system (1.). To this system of r+1 
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equations we can also give a form analogous to the developed form of the system (2. ). 
It will be noticed that the differential coefficients ~ 5 Z~~ &PP68* there, each in 

•< ImE fft+l ****H+f 

only one equation, and each with the coefficient unity. Now let the last equation of 

J P 

(3.) in its developed form be divided by the coefficient of and let also the value of 

which it gives be substituted in the other equations of (3;) ; then we shall have in 
ax» 

the whole a system of w+1 equations possessing the same general character as the 
system (2.). To this new system the same procedure may be applied, viz. the genesis 
of a new equation by means of Prop. II., and the transference of another differential 

coefficient ~r~— to the list of those which form the respective first terms of the equations 


of the system. We will suppose this procedure to have been repeated until a system 
composed of m partial differential equations such that the further application of Prop. II. 
leads only to identities has been formed. If n-\-r — m=p, that system will be of the 
form 


d P 

dxp+i 


fH n 


dV 

dx\ **• 


_ i_jj — o 

+ dx ~ U ’ 




dP . „ dP 


+ H ^S = 0 - 


(i) 


dP 


dx 


'p + m 


.JI — _L.II -— — 0 
11 ' m dx l ^^P m dXp' 


And if, in analogy with former notation, we write 

d_ 

X dx 


4^ +h "e + h ’«-+ h ^= a ‘> 


it will take the symbolical form 

A,P= 0 , A a P= 0 , . . . A m P= 0 ; 

but it will differ from all former systems of equations in that all the conditions repre- 
sented by 

(a^-aa)p=o (5.) 

will be identically satisfied, — satisfied, in consequence not of any ascertained peculiarity 
of the integral P, but of the constitution of the system of symbols A„ A 2 , . . .A m . 

The course of argument has shown that the common integrals of the system (4.) will 
be identical with those of the parent system (2.). Now we shall show that the exist- 
ence of the condition (5.) renders the integration theoretically possible ; that the system 
of p ordinary differential equations into which, by Prop. II., the final system of partial 
differential equations (4.) is resolvable admits of exactly integrals. As p—n-{-r — m, 
this is to say that the number of integrals is equal* to the number of original variables 
diminished by the number of final partial differential equations. 
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The psoof of this will consist of two parts ?— 1st. It will be shown that, “if a system of 
p integrals exists, the conditions represented by (8.) will be identically satisfied. 

2ndly. It will be shown that, when the conditions represented by (5.) are identically 
satisfied, the solution either of the final system of partial differential equations (4.), or 
of the corresponding system of ordinary differential equations, by a system of p integrals 
is theoretically possible. 

It will follow from these conjoined, that the number of actually existing integrals is 
exactly p. 

1st. The system of ordinary differential equations corresponding to (4.) may be ex- 
pressed in the form 

dx x =zTl n dx p+l -\-l:l Xi dx p ^ ... -\-~B. Xm dx p + mx j 


( 6 .) 


dx p —H pl dx p+l | II p2 da? p+a ... I j 

Now suppose this system to have p integrals. Then, by means of these, x„ x a , ... x p can 
be eliminated from the coefficients H,„ &c. in the second members, which will thus 
become exact differentials of those functions of the variables x p+l ... x p+m which express 
the values of ... x p . Hence we shall have the system of conditions 

^ 

Jc representing any integer from 1 to p, and i, j any integers from 1 to m, and the 
bracketed symbols of differentiation referring to H v , H i{ as transformed. Hence, the 
unbracketed symbols referring to the prior state of the functions, we have 

d 


( d \ d dx x d_ dxp 

dXp dx p+i (ix p +i dx j dxp+i 


dx„ 


: <*r p+j + dx x “• dx p 


=a 4 . 

(^) ==A#; 


In the same way 
so that (7.) becomes 

A ( H*-A,H w =0 (8.) 

Now if we construct, in analogy with (4.), Prop. II., the developed form of the com 
ditional equation (5.) of the present section, we shall have 

(A,H„- .. . +(A,H„- A.H*) £_0, 

or, 2 denoting summation from £=1 to k—p, 

2(A 1 H w -A j H„)^=0. 

Now as by (8.) the coefficients vanish identically, the equation, and generally the system 
of conditional equations of which it is the type, will be identically satisfied. 
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2ndly. Wd proceed to show that the system of m linear partial differential .equations 
(7.), represented under the form 

A,P=0, A a P=0, ... A m P= 0, 

and satisfying identically the system of conditions represented by 

(aa-aa)p=o, 

will admit of jp integrals expressing distinct values of P ; and the system of ordinary dif- 
ferential equations (6.) corresponding to the above system of partial differential equations 
will be expressible as a system of exact differential equations, and will by integration 
give the above systems of integrals. 

Beginning with the first partial differential equation of the system (4.), and forming 
the corresponding Lagrangian system of ordinary differential equations 

? dx x dx p 

H7,’ 

<fov +a = 0, dXp + m ~~ 

we see that the integrals of this system will be of the form 


Wj • • • *tlp — 

^p+2 = ^p+2 • • • ttp + m — Cp+m) 

w, . . . lip being functions of all the variables . . . x p+m , among which, by virtue of the 
integrals of the second line, # p+2 , . . . x p+m may be regarded as constant. The general 
integral will be 

F(tfj, . . • U pi X p+i , ... ^ p + rn)“-Hj 

the form of F being perfectly arbitrary. 

Now the general form of any equation of the system (4.) is 


rfP 


dx 


■p+i 


+H, 1 f i ...+II„g=0 


Let us transform this by assuming 


(9.) 


^1 • • • Wp* • • • &p+m 

as independent variables. Then referring the right-hand members of the following 
equations to the new, the left-hand to the old system of variables, we have 

— — — 4__j* JH s_ , £P dup 

dXp+i dXp+i ' du x dx p+i * ’ ' ' du p dx p +i 

dV = rfP du } . dV dVj, 

dx\ du x dx x * * * ■ dup dx x 


d P 

dx p 


— — 1 | dP dug . 

du x dx p dup dxp * 
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whence, substituting in (9.), 


d P 


dx, 


p+i 


4 


M ( d *\ I TT diUy , „ 

a«; + H « s; • • • + H * dx,) 




or 


dP 


k rfP 


dP 


. dr f+ ,'H A<W ‘)du, •••4*(^jp)^— ^5 * * * • 

and in this equation we may give to i the successive values 1, 2, . . .p. 


.... ( 10 .) 

If, then, we write 


we see that the proposed transformation will have the effect of converting 

A|> Aj, ... A p 

into 

a;, a;, ... a; 

respectively, and the system of partial differential equations into 

a;p=o, a;p=o, ... a p p=o. 

The developed form of the first of these equations is 

dP , , A .dP . /A xdP n 
••• 4-(AiW„)^— o. 

But since w„ ... u p are integrals of A 1 P=0, we have 

A,w,=0, ... A,w p =0, 
so that the equation A'jP=0 reduces to 

dP 


dx, 


: 0 . 


p+i 


We learn from this that x p+l will not explicitly appear in P after the transformation 
which introduces w„ ... u p . 

The developed form of the remaining^—! equations represented by (10.) will be 


dP , / A x dP i / k \<*P a 
j ^ 7 , +( A >“')<s; - +( A .«,)<^=°. 


I /A t /A \^P A 

£— ;+( A ~“.)^ ... +( 4 .«g j;=o ; 


(ii.) 


and we shall next show that the variable x p+l will not present itself in the coefficients ' 
(A a w,), &c. 

The general form of such coefficients is A«w„ where i has any value from 2 to m, and 
a any value from 1 to p. 

Now if in (6.), which is true independently of the nature of the function P, we make 
MDCCCLXIL 3 p 
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?’=1 and P=sw„ we have 

(AA— AA>.=0. 

But AjW,=0; therefore, by the above, 




5EENTIAL 


Now A ft, is expressible at most as a function of w 15 ,... x p+tn . But this trans- 

formation converts, as has been seen, A, into -j - — •. Thus we .have 


so that A t u t is free from x p+l . Thus the system (11.) is free from x p+l . 

Lastly, siiffce by the above transformation A a ... \ are converted into Aj ... A^, the 
system of conditions (A A — AA)P == ^ converted into (AA — AyAj)P=0. 

It is thus seen that the system ofp partial differential equations 

A,Ps=0, A s P=0, ... A / ,P=0, 

containing p-\-m independent variables x p x„ ...x p+m , and satisfying the conditions 

(aa~AA)p=o, 


is convertible into a system o(p — 1 partial differential equations, 

a;p=o, a;p=o, A,P=0, 

containing p-\- m — 1 independent variables u x ... u p , x p+a ... x p+m , and satisfying the con- 
dition 

(aa-aa)P=o. 

And as this system possesses the some character as that upon which the previous trans- 
formation depended, it will admit of transformation into a system oijp — 2 partial differ- 
ential equations containing p+m — 2 independent variables; and so on until we arrive 
at a single final partial differential equation containing p-\-l independent variables, and 
having therefore^? distinct integrals, which will be the common integrals of the primary 
system of partial differential equations as well as of the system of ordinary differential 
equations to which they correspond. 

Cor. The property of the coefficients A s w„ &c. of the system (11.), of being free 
from the variable x p+1 , enables us, by properly determining the integrals of the par- 
tial differential equation A,P=0, to reduce the system to a form of great simplicity. 

Let A t Uj be any one of those coefficients. Its developed form is 



Now as this expression will, after the performance of the differentiations, be free from 
x p+l , and as the differentiations are none of them with respect to x p+li we can give to 
x p+l in it any particular value before differentiation without affecting the final result. 
Let us then suppose that in H 1( , ... H^, and in w ; , x pJfX is made equal to 0. Now it is 
possible so to determine the integrals u f as functions of the variables ... x p+r , that 
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when ^+,=0 each u f shall reduce to Xj. For this purpose it is only necessary to choose' 
as arbitrary constants fe set of arbitrary values of x x , x a , ... x p corresponding to ar F+ ,=0. 
Let x\ y of„ ... si p be such arbitrary constants, and let the given system of integrals be 
reduced to the form , 

U x =X x , ... U p =Xp, 

and the functions u^; ...u p will possess the required property. Changing, then, each 
Uj into Xj, the expression (12.) reduces to H^, and it only remains to express this 
in terms of.«„ ... u p ; which, as ,r p+1 =0, is done by merely changing x x ... x p into 

Thus the system (11.) is reduced to 


... +(*Ug=0, 

where the brackets denote that in the enclosed portion x p+l is to be made 0, and 
X x , x„ ... x p converted into u lt u 3 , ... u p . 

Now this form is identical, the above conversion of letters excepted, with that of the 
system (4.), omitting that equation^ of the latter system by the integration of which the 
forms of w„ ... u p are determined. 

It follows from the above that, obtaining the integrals of A,P=0 in such a form that 
the arbitrary constants shall represent the arbitrary values of x x . .. x p when # p+1 =0, and 
representing the functions which are equal to those arbitrary constants by x^x iy ...x p , 

then if in the remaining equations A 2 P=0 ... A m P=0 we change x x ,...x p , to 

af u ... x p , and x p+1 and to 0, the common integrals of the transformed 

system of p — 1 will be the same as those of the previous system of j) partial differential 
equations. In the same way a third system ofp— -2 partial differential equations may 
be formed, and so on, till we obtain a single final partial differential equation which will 
have the common integrals of the parent 'system. By this method, which is due to 
Jacobi and Nutajst, all the labour of the successive transformations is avoided. The 
successive integrals thus introduced are termed ‘ Haurpt-integrale .’ 

Instead of applying the foregoing methods, general or particular, to the final system 
of partial differential equations, we may apply it to the solution of the corresponding 
final system of ordinary differential equations. In this case they would really represent 
the method of solution known as the variation of parameters, and the conditions 
(A^Ay— A/A^PssO would secure the sufficiency of that method., If in the system of 
ordinary differential equations (6.) we regard x p+a , ...x p+m as constant, we get 

dx x — H u ^r p+ i=0,l 

! 

dx p — Hp X dx p + , =0- 

8 p 2 


(IS.) 
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Integrate this in the form 

tli ““ * tip Op f 

* M 

then, treating c lf ...c p as functions of the variables before regarded as constant, and 
endeavouring to satisfy the unreduced equations (6.), we obtain, in virtue of the above 
conditions, a system of differential equations equal in number to the system given, but 
containing one variable fewer. The system (13.) by which the forms of . . . u p are 
here determined, is the Lagrangian auxiliary of the first partial differential equation 
A,P=0 integrated in the other method; and so in each subsequent stage. And with 
respect to the other parts of the process, it obviously makes no difference whether we 
take as the new variables «„ . .. u p , or ... c p under the condition (necessarily involved in 
the method of the variation of parameters) that they shall after integration be replaced 
by But it would not have sufficed simply to refer the solution of the final 

system of ordinary differential equations to the method of the variation of parameters, 
first, because the necessity and sufficiency of the conditions which form the ground of 
that method and are the warrant of its success were to be shown ; secondly, because the 
connexion of the systems of ordinary differential equations which arise in the method of 
parameters with the successive partial differential equations forms an essential part of 
the demonstration. 


General Buie. 


The results of the foregoing inquiry may be collected into the following General 
Rule : — 

To find the number^? of possible integrals of a system of n differential equations of the 
first order connecting n-\-r variables x„ ...x n+r , and to determine those integrals. 

J®ttZtf.-*-Suppose P an integral of the given system. Determine from the given system 
dx„ dx„...dx n as functions of the other differentials. Substitute these values in the 


equation 


dP , , dV , 


fa.*.— 


i»+r 


and equate to 0 the coefficients of the remaining differentials, 
of r partial differential equations of the form 


d P 
d$n + 1 



+ Al »^ =0, 


This will give a system 


dP d P dP n 


r of the differential coefficients appearing each only in one equation and with coefficient 
unity. Representing these equations in the symbolical form 

AjP=0, A s P=:0,...A r P=0, 
deduce any equation or equations of the form 

(A,A,— AjAjPsO. 
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If all such prove tobe identities, the given, system' of differential equations admits of n 
integrals, and is reducible to a system of exact differential equations. But if any such 
equation is not an identity, it will constitute a new partial differential equation of, the • 
form 




And this, combined with the previous ones, will enable us to form a system of r-fl 

partial differential equations, in which 5-» ... -J— appear each in only one equa- 

tion and with coefficient unity. Upon this system let the same process be repeated as 
upon the previous system of r partial differential equations, and so continually repeated 
until we arrive at a final system of partial differential equations such that, if that system 
be represented in the form 

A,P=0... A m P=0, 

the condition 

(A.A,-AA)P=0 

9 

shall be identically satisfied for every pair. 

Then, the number of such partial differential equations being m, the number of inte- 
grals of the original system of partial differential equations will be w+r— w, i. e. it will 
be equal to the number of the original variables diminished by the number of final 
partial differential equations. 

And if by that final system we eliminate m of the differential coefficients from 

— dx 4-— dx 4- — dx — 0 
dx x ax '^dx 2 ax * • * • + dx n+r ( Mn+r—v, 

and equate to 0 the coefficients of the remaining differential coefficients, we shall have 
a system of n-\-r—m differential equations expressible as exact differential equations for 
the determination of the integrals. 

Actually to determine these, we should endeavour in the first instance to reduce the 
final system of differential equations, as such reductions theoretically possible, to a system 
of exact differential equations. If the means of doing this are not obvious, the method 
of the variation of parameters or the equivalent methods of Prop. III. must be applied. 

Lastly, if the process which consists injthe application of the theorein (A { A> — A J A i )P=0 
do not stop with the formation of the final system of partial differential equations, but 
lead to algebraic relations among the variables, the given system of differential equa- 
tions will have no integrals properly so called, but it may admit of solutions analogous 
to those the theory of which has been developed by Pfaff, Jacobi, and others for the 
differential equation 

... 4 * — 0 . 
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Applications. 

1st. Suppose it required to find the number of integrals of the form F=c, which the 
system of differential equations 

dz= (t +xy +xz )dx+(xzt+y — xy)dy, 
dt=z(y+z —3x)dx+(zt —y)dy 

admits, and to determine such integrals. 

Eliminating dz and dt from the equation 

dP , . dP , . dP , , dP n 

dz+ jfdt—' 0 , 

and equating to 0 the coefficients pf dz and dt in the result, we have 

3#)-^ = ^’ (!•) 


^+(xzt+y-vy) ^ +(zt-y ) ~= 0. 


Hence writing 


A =te+v+w+* z )dz+(y+ z --3 x hr 
*'+Ty+( xzt +y-w) id 

and forming the equation 

(AA'-A'A)P=0, 

we have, on rejecting a common algebraic factor, 

d p , d p n 

*&-+rfT= 0 


d r 

By substituting in (1.) and (2.) the value of hence obtained, we have the system of 
three equations, 

f+(3^+0f= 0, 

rfP. rfP n 

i7+y&= 0 ’ 

«H>, <IP n 

n+ x s=°- • 

Now if upon any two of these we repeat the same process as upon (1.) and (2.), we 
obtain as the result 0=0. Thus the system of partial differential equations is complete. 

. As then there are three equations in this final system, while the number of original 
variables was four, the primary system will admit of one integral of the form P=c. 

rfP £?P (JP 

To obtain this integral, eliminate -jp from the above equations and 

dP, . dP , dP j . dP A 
fcdx+ ^fy+fcdz+- si dt=0. 
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0 Mr 

and equate to 0 the coefficient of in the result! We find 

0 dz—tf+Scffa—ydy—xdtzs 0, 

the integral of which is 

z — xt—a?—y*=c. 

2nd. The solution of the partial differential equation 

Br+Ss+T*+U(« a ~r*)=:V, 
as well as of the special equations 

Kr+Ss+Tt=V, 

E?* “J“ Ss-fT£ -f- XJ (s a — vt'j = 0, 

the theory of which constitutes an exception to that of the more general form, depends 
in general upon the integration of three simultaneous differential equations between 
five variables. To this integration the method of the foregoing sections is applicable. 

The only cases for which the theory of the ultimate solution can be said to be com- 
plete, are those in which the auxiliary system of common differential equations admits 
either three integrals of the form P=c, or two integrals of that form. 

We may apply the method of the foregoing sections, not only to the determination 
of the integrals, but also to the discovery of the a priori conditions connecting the coeffi? 
cients R, S, T, U, V in order that each of these species of integration may be possible. 
For example, the solution of the equation 

Rr+Ss+T^+Cs 3 — ^)=V 
depending upon the integration of the system 

dy= — m,da?+Rdy, 
dp=-m a dy-\- T dx, 
dz = pdz +2 dy* 
in which m x and m a are roots of the equation 

m a — Sw+RT— V=0, 


let it be required to determine the conditions under which the system admits three 
integrals. 

Eliminating dq, dp, dz between the above equations and 


* <fc+S 7 dy+- s dz+ - & dp+ jrdq-0, 


and equating to 0 the coefficients of dx and dy in the result, we obtain two partial 
differential equations which may be thus represented, viz. 


AP=0, A'P=0, 


A = i - m '$i + T ^ +pi’ 
a '=4+ e ^-^+?s- 


in which 
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That there may be three integrals, it is here necessary that there should be but two 
partial eq u ations in the completed system. Hence the equation 

(AA'— A'A)P=0 

must vanish identically. 

Developing this, we have the conditions 

AR+A'wi^O, Am s +A'T=0, A#— Ajp=0. 


Now on performing the operations denoted by A and A', the last equation gives 

m,=0. 

Hence referring to the quadratic, we see that 

S 8 -4RT+4V=0 (I.) 


To this must be added the two other reduced conditions, 


AR+A'm=0, (II.) 

Am+A'T=0, (III.) 


m representing one of the equal roots of the reduced quadratic. 

The first of the above conditions was given by Ampere *. The others are probably 
new. Satisfied, they enable us to predict that the partial differential equation under 
consideration admits a complete primitive involving three constants, and a general 
primitive arising from the variation of those constants in subjection to any two arbitrary 
conditions. 

3rd. We have supposed each linear partial differential equation employed in the pro- 
cesses of this paper to be of the form 


A .f+ A »I”‘+ A 


^-0 


and we have supposed each system of partial differential equations which arises, to be so 
reduced that each equation shall have some one of the partial differential coefficients of 
P entering into it alone and with a coefficient equal to unity. 

The first of these conditions is virtually sufficiently general, because any linear par- 
tial differential equation can be deprived of its second member. The advantage of the 
second condition is that each newly-formed equation will be really new, and not an 
algebraic combination of the old ones. 

But neither of these conditions is necessary. From two linear partial differential 
equations of the form 

A.PrrII, A a P=K, 

in which H and K are functions of the independent variables, arises a new equation, 

(A t A s — -A 8 A,)P=A,K— A a H, (1.) 

which will be satisfied by all the simultaneous integrals of the equations from which it 
is derived. 

It may be rigorously proved that, in applying this process, the generated system 


* Journal do l’Ecole Poly technique, Caliier 18 *. 
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(including the original equations) will be complete when no new equation arises from 
the combination of any one of the equations with any one of the equations of the 
original system. 

I will illustrate this by investigating the conditions of integrability of the expression 


<P 


y. 


dy dhj 
dx * dx *" 1 


d?y 

dx 11 


) 


dx. 


If this expression admit of an integral V, it is easy to see that V will satisfy the two 
partial differential equations 


in which 


dV . dV . dV 
dx dy +y>dy x *“ 

+y-dy-~*' • • • 

(‘2 ) 

• § • • 

dV 

dy n 

• =0, ... 

. . . . (3.) 


dy dhj 


and <p stands for 

y> y» — y n )- 

The above arc, in fact, the partial differential equations which we should obtain by 
Prop. I. as the equivalents of the system of ordinary differential equations, 


dV=<pdx, 


If we write 


dy=y l dx, dy.—y.jlx, ... dy n _ x —y n dx. 


(d\ d d_ d_ 

(y # ) dx 'V' dy 'd ' 2 dy x ’ * ' 


+y« 


d 



the above partial differential equations become 


(s)v=?...(I.), f=0...(II.) 


The combination of (I.) with (II.) (by the theorem (1.)), then of (I.) with the result, and 
so on, gives a series of equations which may be thus expressed : — 


dV 

dtjn - 1 


=A n <p, 


dV 

dy n ~<i 




(III) 

(iv.) 


in which 


dV 
dy o 

0 


=A,<p, 

=A 0 <p, 



iy_d__ 

dx J dy r +% 

dyd_ 

dx) dy % 


— &C., 
— &C. 


3 Q 


(V.) 

(VI.) 


MDCCCLXII 
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The combination of (II.) with (III.) ... (V.) gives the series of conditions 




d 


A,<p=0 (VII.) 


The conditions of integrability are expressed by (VI.) and (VII.). These satisfied, :the 
equations (III.), (IV.), ... (V.) show that <pdx can be expressed as an exact differential 
with respect to x, y, y„ in the form 


<pdx=(<p— yAiQ— ... —y»A n <p)<for 
+A l <pdy+A a <pdy 1 ... +A H <pdy n _„ 


a result first established by M. Sarrus. 
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XXXI. ( I .) On the Dicynodont Reptilia, with a Description of some Fossil Remains, 
brought by H.R.H. Prince Alfred from South Africa , November 1860. By Pro- 
fessor Owen, F.R.S. &c. 


Beceived January 23, — Bead February 20, 1862. 


On the return of His Royal Highness Prince Alfred from the Cape of Good Hope, in 
1860, he honoured me by transmitting some fossil remains, with the following Note: — 


“ Dear Professor Owen, 


“ In the course of my journey in South Africa I met with two very interesting 
Fossil Remains ; one, the larger, being the head of a Dicynodon : and I hope you will 
accept them from me as being the best specimens I obtained, upon the Prince Consort’s 
suggestion, on the occasion of your last Lecture, of which I retain the most agreeable 
recollection. 

“ Yours truly, 


“ Windsor Castle, November 15th.” 


“ Alfred.” 


I feel it a duty, at the present season of grief at a National bereavement, which 
becomes daily more appreciated, to communicate to the Society this evidence of the 
lamented Prince Consort’s unfailing interest in our sciences, as manifested by his 
desire that Lectures on Natural History should be delivered before the Royal offspring ; 
and also as showing that, amidst the manifold occupations of the Prince Consort, he 
allowed no opportunity to escape in which his influence could be, in any way, exerted 
to aid in the direct advancement of science. 

In the present instance, this influence, through the zealous fulfilment by Prince 
Alfred of his father’s suggestion, has procured for us valuable additional evidence of 
the peculiar structure and characters of some rare extinct animals, which, under any 
circumstances, I should have felt bound to submit to the Royal Society. 

Some delay has been occasioned by the necessity of removing the very hard matrix 
from the varied and intricate surfaces of the imbedded petrified bones, — a labour 
requiring to be performed under my immediate supervision, or by my own hands. 

The smaller of the two fossils referred to by H.R.H. Prince Alfred, has thus proved 
to be one of the most perfect specimens of the petrified skull of a dicynodont Reptile 
which, hitherto, has come under my observation. It is figured, of the natural size, in 
Plates XIX. & XX. figs. 1, 2, 3, 4 & 6. 


3 Q 2 
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Ptychognathus Alfred i, Owen. 

By the angular contour of the profile (figs. 1 & 3), in which the almost straight line 
of the vertex (v o) meets the equally straight occipital line (o b) at a right angle, and 
the straight facial or naso-premaxillary line (v n) meets that of the vertex at an obtuse 
angle, the specimen belongs to the subgencric form of the dicynodont family called 
Ptychognathus. 

The occiput (fig. 4) shows the same crocodilian extent of ossification as in other 
members of this singular family. 

The articular tubercle is formed, as in Ptychognathus declivis *, by the basioccipital 
(fig. 4, i) at the lower and middle part, and, in less proportions, by the cxoccipitals {ib. a) 
which just meet at the upper part of the tubercle. The foramen magnum is a rather 
narrow oval, with the small end upwards, exclusively bounded, externally, by the cxocci- 
pital§ ; the basioccipital appearing at the interspace of the cxoccipitals immediately 
within the cranial cavity. The basioccipital in advance of the tubercle, has its lower 
surface at first concave, and then convex, lengthwise ; and is more deeply concave trans- 
versely (fig. 5, i) through the production of its sides into the short and thick hypapo- 
physes, figs. 4 & 5, hy. Its junction with the basisphenoid (fig. 5, *) is by an almost 
straight transverse harmonia. The hypapophyses (hy) are divided by a short notch from 
the paroccipitals (fig. 4, *), which abut, as in Crocodilia and Chelonia , against the inner 
side of the tympanies ( 2 s), but here against their lower half, fixing these bones more 
firmly in their position. The paroccipitals, which, as in the Crocodile, are exogenous 
growths of the exoccipitals (ib. 2 ), are divided by a wider and more shallow notch from 
the exoccipital and mastoid, s. The superoccipital (fig. 4, 3 ) forms the upper part of 
the occipital surface, is of a vertically oblong or subtriangular form, with the apex 
downward, and terminating some distance above the foramen magnum. The sides of 
the superoccipital concavity are formed by the backwardly projecting and slightly 
diverging hinder end of the parietals (fig. 4, 7) ; between which and the exoccipitals and 
tympanies the broad and angular mastoid (ib. a) arc wedged, forming the upper, outer, 
and posterior outstanding backwardly bent ridge, for the attachment of the cervical 
muscles, and presenting the sutural surface to the upper end of the tympanic, 28 . The 
upper surface of the parietal (fig. 2, 7) presents a roughish non-articular tract of about 
8 lines in breadth, at the fore part of which js the venous foramen. This median tract 
is made slightly concave across by the elevation of the ridges (t, t) bounding the smooth, 
longitudinally concave, tracts affording origin to the temporal muscle. 

The frontals (n, n) form the chief part of the flattened vertex or upper platform of the 
cranium (figs. 2 & 4, /, t). They extend longitudinally from the foramen parietale 
forward to about one-third of an inch from the prefronto-nasal ridge (fig. 2, f) ; and 
transversely to the superorbital ridges (s), of which they form about the middle third 
part. The median or frontal suture may be traced along a great part of their extent : 
the surface is slightly raised at this part, and is depressed laterally, between the median 
# Quarterly Journal of the Geological Society, vol. xvi. (April 1850) p. 49, pi. 1. figs. 8-5. 
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rising and the slightly elevated orbital borders. There is no trace of the pair of tubercles 
which, in Ptychognathus declivis *, stand transversely on the frontal platform, in the line 
bisecting the middle of the orbits : they have not been chipped away in clearing off the 
matrix, either in the present skull or in that of Ptychognathus latirostrisf. The median 
rising at the frontal suture is continued backward over the part where it divides to go to 
each tubercle, leaving an intermediate shallow depression, in Ptychognathus declivis. The 
frontal tubercles may be, therefore, reckoned among the cranial characters distinguishing 
Ptychognathus declivis from Ptychognathus latirostris , and from the skull of the species 
under description. In this, as in the previously defined species of Ptychognathus , the 
vertex or upper surface of the skull is bounded anteriorly by a low ridge (fig. 2 ex- 
tending transversely with a slight curve, convex forward, from the fore part of one super- 
orbital border to the other. The ridge is formed by the nasals (fig. 2, u) at the middle, 
and by the prefrontals (ib. w) at the sides. The latter are strong, large, angular bones 
(figs. 1, 2 & 3, w), dividing by a prominent tuberosity the fore from the upper borders of 
the orbit : the frontal surface of the prefrontal is divided by the before-described ridge 
from the facial surface ; both are slightly concave, the latter of greater extent, reaching 
almost to the hinder angle of the external nostril (figs. 1 & 3, and articulating with 
the nasal (ib. is) above, and with the lacrymal (ib. 73) below. The nasals (is), divided by 
a median suture, bend abruptly, at' the prcfronto-nasal ridge, from the upper to the fore 
or facial part of the skull, at an open angle. They are united for about an inch as they 
slope upon the face (fig. 2), and then diverge to form the upper border of the nostrils, 
receiving at the angles, so formed, the upper and hinder ends of the coalesced premaxil- 
laries, ib. 22 . The premaxillaries continue the facial line, begun by the nasals, straight 
to the upper margin of the mouth, which is directed forward. There is a slightly 
elevated line along the place of the obliterated medial suture (fig. 2 , to), parallel with 
which is a pair of similar linear ridges (fig. 2 dividing the median from the lateral 
surfaces of the premaxillary : these surfaces have almost the same breadth, except that 
the lateral surface (fig. 1, 22 ) increases near the oral border ; it is narrowest where it 
forms the fore part of the nostril, n. 

The maxillary (figs. 1 & 3, at) is chiefly remarkable, as in the rest of the genus, for 
the strong ridge-like prominence (r r) of the socket of the long and large canine tusk, c. 
Between this and the outer premaxillary ridge (fig. l,y>) the sides of the face are slightly 
sinuous, the convexity above gradually changing to a deeper concavity below, in the 
transverse or vertical direction ; lengthwise the sides of the face are slightly concave as 
they converge towards the mouth ; except at the canine alveoli, which are a little 
convex lengthwise at their fore part. Above, the maxillary bounds the lower part of the 
nostril, and there unites with the premaxillary ( 22 ) and lacrymal (73) ; below, it is con- 
tinued from the canine-socket inward and downward, forming the edentulous sectorial 
border which meets the corresponding part of that border of the mandible (33), the fore 
part of which, in advance of the maxillary, is strongly bent upward ( 32 ') to meet the eden- 
* Quarterly Journal of the Geological Society, vol. xvi. p. 50, pi. 1. fig. 3. t Ibid.'p. 51. 
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tulous trenchant; border of the premaxillaries, n. The back part of the maxillary is con- 
tinued beneath the orbit in a pointed form, articulating by a strong, oblique and exten- 
sive suture with the malar (fig. 1, a«), by which and the lacrymal the maxillary is removed 
from the orbital border itself. 

The lacrymal (73), forming the middle of the fore part of the orbit, extends upon the 
face apparently to the nostril. The malar curving back along the lower part of the 
orbit, the border of which it there forms, bifurcates behind to connect itself with the 
postfrontal (figs. 2 & 4, 12) above and with the squamosal (fig. 1, a?) behind; but their 
limitary sutures I cannot satisfactorily make out. There is no other bony bridge over- 
spanning the temporal fossa except the normal malo-squamosal zygomatic arch. The 
squamosal combines with the mastoid in affording the articular sutural surface to the 
upper end of the tympanic. 

The squamosal (fig. 1, *7) is compressed, of 8 lines in vertical extent, by 2 in trans- 
verse ; and increases vertically as it passes backward. The tympanic pedicle is of great 
length, broad and compressed from before backward at its upper part, becoming 
narrower as it descends, but gaining in thickness to where it receives the broad abut- 
ment of the paroccipital ; below which it slightly expands in every direction to form 
the convex articular surface for the mandible. The tympanic pedicle is fixed immove- 
ably, and by its size and connexions forms an unusually strong ‘point d’appui’ for the 
vigorous actions of the lower jaw. It consists of two bones, united by a broad over- 
lapping squamous suture. The upper portion includes the mastoid and squamosal 
elements ; the latter extends to near the articular condyle, along the fore part of the 
pedicle; the lower portion, or tympanic proper (as), forms the lower half of the back 
part of the pedicle, and expands below to form the joint. 

The mandible of Ptychognathus (fig. 1, 30-32) resembles that of the Chelonia in its 
edentulous condition, general proportions, and comparative simplicity of structure, and 
that of the Crocodilia in the vacuity left between the dentary (32), angular (31), and sur- 
angular (so) elements ; but it is peculiar and ptychognathic in the sudden vertical expanse 
and upward curve of its symphysial end (3*), the vertical diameter here being three times 
that of the articular end. I cannot distinguish an articular from a surangular element : 
the suture between this and the angular extends near and runs parallel with the upper 
border of the surangular to the vacuity, towards which it bends. No coronoid process 
is developed, nor is there any coronoid or complementary ossicle a3 in modern T.izH.rd « } 
Chelonians, and Crocodiles. The splenial element (fig. 5, 39) extends far back, as in Che- 
Ionia. The dentary elements, confluent at the symphysis, are deeply notched at their 
narrow hinder part, the upper projection being the longest. A horizontal ridge extends 
from the upper part of the notch forward as fax as the depression, lodging the end of the 
canine tusk when the mouth is shut. The vacuity is situated halfway between the two 
ends of the mandibular ramus, not in the posterior third as in the Crocodile. The sym- 
physis is broad as well as high, and the rami meet there so as to form, below, an arch 
or curve, concave backward, fig. 5, s. The fore part of the symphysis is convex both ver- 
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tically and transversely. The longitudinal ridge on the outside of the dentary, parallels 
that formed by the canine alveolus of the maxillary ; and the alveolar borders in both 
incline inwards, to meet at the oral margin behind the great tusks. The mandibular 
ridge resembles the maxillary one in Oudenodon ; and one is led to speculate whether in 
that genus the maxillary ridge may have related to a rudimentary upper canine, and the 
mandibular ridge to that of a lower one, in the embryo. In both Ptychognathus and 
Oudenodon , however, these parallel ridges in the upper and lower jaws, with the inward 
convergence of the alveolar plates, recall the structure of those parts in Scelidosaurus *, 
and which is indicated by the mandibles to have existed, in a certain degree, in Hylceo - 
saurus and Iguanodon. 

The fossil skull above described was obtained from a greenish sandstone of the Rhe- 
nosterberg. As it manifests specific distinctive characters, I propose to refer it to a 
species of Ptychognathus, under the name of the young Prince by whom it has been 
made available in advancing our knowledge of South African fossils. 

The Ptychognathus Alfredi , like Ptychognathus latirostris , differs from Pt. declivis in 
the more circular orbits, the absence of the frontal tubercles, the right angle at which 
the occiput and vertex meet, and the greater depth and thickness of the facial part in 
proportion to its length. 

But on comparing Ptychognathus Alfredi with Ptychognathus latirostris, the facial 
part of the skull presents less breadth in proportion to its length andsdepth, and the 
lower jaw is narrower in proportion to its length ; the paroccipital is also relatively 
narrower. 

The occipital region in Ptychognathus declivis (Plate XXI. fig. 2) shows nearly the 
whole extent of the masto-tympanic pedicle, and well exemplifies the singular breadth of 
the hinder surface of the cranium in these dicynodont reptiles. It also shows the pre- 
condyloid foramina, and the small vacuity between the exoccipital and masto-tympanic 
bones. The side view of the skull of Ptychognathus latirostris (Plate XXI. fig. 1) well 
exemplifies the ridged structure of the jaws and the composition of the mandible. 

In the corresponding view of the skull of Ptychognathus Alfredi (Plate XX. fig. 3) 
is shown the extent of the pulp-cavity of the canine (c), closely conforming to that in 
the instances of ever-growing tusks in the mammalian class. As in former specimens of 
true j THcynodon, the section made to show the base of the tusk exhibits no trace of any 
germ of a successional tooth. The tusk curves forward, downward, and slightly inward. 
The points of both tusks have been broken away. 

THcynodon tigriceps, Owen. 

The larger fossil, obtained by H.R.H. Prince Alfred from the Karoo-beds, in the 
district of Graaf Remet, is a skull of a true THcynodon , equalling in size that of the 
THcynodon tigriceps f . It has been obliquely crushed, but under circumstances of sur- 

* “ Monograph on British Fossil Reptiles,” Palaeontological Society’s volume for 1860, p. 12, pis. 4& 5. 
t Transactions of the Geological Society, 2nd Series, vol. vii. p. 288. 
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rounding support, which have kept the lower jaw in its natural connexions with the 
tympanic pedicle. 

In the breaking up of the hard rock in which this fossil has been imbedded, the right 
maxillary, tympanic, and zygomatic arch have been removed ; the fore part of the upper 
jaw, from the beginning of the sockets of the canine tusks, and the corresponding end 
of the lower jaw, are also broken away. The length of the remaining portion of the 
skull now exposed is 1 foot 6 inches ; but this is somewhat more than it would naturally 
be, owing to the left half of the broad occipital region (Plate XXII. <, m) having been 
bent backward from the transverse to almost the longitudinal position, in the line of the 
skull’s axis, and this with so little disturbance of the connexions of its elementary bones 
as exemplifies, with other similar condition of the skull, the gradual operation of the 
disturbing force, and the condition of surrounding support that has made the pressure 
act upon the brittle fossil as if it had been a plastic material. For, after close observa- 
tion and reflection upon all the appearances presented by this fossil, I infer that the 
cosmic movements affecting the matrix have operated after the sediment in which the 
dead body of the old reptile was buried had become, with its contents, hardened into 
stone. 

After careful removal of the matrix from the remaining petrified bones of the right 
side of the skull, the occipital tubercle ( i ) was worked out in its whole length : it pro- 
jects from the* lower plane of the basioccipital (h) to the extent of 1 inch 8 lines, and 
from the foramen magnum (f) about 1 inch 4 lines ; the vertical diameter of the base 
of the tubercle is 1 inch 6 lines; it slightly expands to its articular convexity. The 
right side of the tubercle having been broken away, the compact or close granuloid % 
texture of the bone is here displayed. 

The occipital hypapophyses (h) are 2 inches in length ; the left paroccipital (<) expands 
to a breadth of 5 inches, where it abuts against the broad masto-tympanic pedicle (as). 
An extent of 6 inches by 4 inches of the smooth posterior surface of this singularly ex- 
panded lamclliform bone is here preserved. The small vacuity (a) between the par- and 
exoccipitals has been converted into a foramen by the meeting of extensions of ossifica- 
tion from a to 4. The foramen magnum (/), naturally of a vertically oval form, is here 
made narrower by the slow lateral squeezing of the occiput ; its long diameter is 1 inch 
4 lines. The lower angle of the superoccipital ( s ) is preserved, making an extent of the 
well-ossified occipital plane reaching to 4 inches above the occipital tubercle. 

The removal of the outer part of the maxillary and the zygomatic arch has brought 
into view part of the intcrorbital septum, and the upper and outer part of the bony 
palate ; structures that have not been shown by previous specimens of Dicynodon. 

The descending cranial plate of the frontal, where it forms the inner wall of the orbit 
and the rhinencephalic continuation of the cranial cavity, is shown at n, Plate XXII. 

The basisphenoid (ib. « ) is short and deep, and sends out a process uniting with one 
from the pterygoid, to abut against the tympanic pedicle. 

The presphenoid (ib. o) projects forward as a compressed plate 10 lines in vertical dia- 
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meter; in its length or extent of ossification it exceeds that in the Chelonia , and more 
resembles that in the Crocodilia ; at its base there arise some thin rays of ossification, 
which ascend to unite with a similarly attenuated lamelliform base of the orbitosphenoid. 
I infer that there was persistent cartilage in this part of the skull. The orbitosphe- 
noid (id. 10 ) becomes thicker as it ascends to unite with the under part of the hinder third 
of the frontal, and with part of the parietal. It is perforated by a foramen opticum of 
elliptical form, 6 lines in long diameter. 

Below and anterior to the presphenoid is seen a small part of the vomer (id. is), where 
it expands laterally to join the palatine (id. a«) and pterygoid, id. a*. The pterygoid, 
about 6 inches in length, contracts as it extends backward, bounds above or mesially the 
outer part of a long elliptical foramen (posterior nostril, id. n ), and then bends downward 
and outward to join the basisphenoid and abut against the lower end of the tympanic. 

There appears to have been a part of the interorbital space unossified, about 3 inches 
in length, 1^ inch broad below, but suddenly contracting to a width of £ an inch at the 
upper part. 

The exposed bottom of the right socket of the canine tusk (id. fig. 1, c) shows the 
similarly exposed pulp-cavity of the beginning of that tusk, which measures inch 
across. The walls of the tusk increase in thickness to about 3 lines in an extent of 

inch. A greater extent of the' left socket (Plate XXII. fig. 2) is preserved, showing 
the concentrically lamelliform structure of the base of that tusk. 

Sufficient of the mandible is preserved to demonstrate its characteristic dicynodontal 
composition. The alveolar border of the dentary element is toothless. The ramus 
rapidly augments in depth towards and at the symphysis, where a portion is broken - 
away. The posterior part of the dentary (id. fig. 1, an) is notched or bifurcates to form 
an oblong vacuity at the middle of the mandibular ramus. Traces of a long surangular 
(id. fig. 1 , so), which developes no coronoid process, of a broader or deeper angular (id. ai), 
and also of a splenial (id. ag), are discernible amongst the elements of the lower jaw. 

As a whole, the present instructive specimen exemplifies the near equality in size of 
some of the strange extinct two-tusked reptiles of South Africa to the existing Walrus ; 
it also shows that in the structure of the bony palate the Dicynodon combines, as in other 
parts of the skull, crocodilian with chelonian and lacertian characters. „ 


Explanation op tiie Plates. 
PLATE XIX. 

Fig. 1. Side view of skull of Ptychognathus Alfredi : nat. size. 
Fig. 2. Upper view of the same skull : nat. size. 
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PLATE XX. 

* 

Fig. 3. Side view, with section of tusk, of the same skull : nat. size. 

Fig. 4. Back view of the same skull. 

Fig. 6. Under view of ditto. 

PLATE XXI. 

Kg. 1. Side view of skull of Ptychognathus latirostris : nat. size. 

Fig. 2. Back view of Ptychognathus decline. 

PLATE XXII. 

Dicynodon tigriceps. 

Fig. 1. Side view of skull: £ nat. size. 

Kg. 2. Socket and base of canine tusk : nat. size. 

(II.) On the Pelvis of the Dicynodon. By Professor Owen, F.B.S. &c. 

The following description is taken from a part of the petrified skeleton of a Dicy- 
nodon equalling in size the species, D. tigriceps , Ow., to which the cranium described in 
the preceding paper belongs, and exemplifying the structure of the pelvic part of the 
trunk of that extinct animal. 

This instructive fossil is from the same locality in the Graaf Reinet district as that 
from which the specimen of the skull of the Dicynodon tigriceps was obtained which is 
described in the seventh volume of the 2nd Series of the Geological Transactions*. 
It formed the nucleus of a huge nodule of greyish-blue argillo-ferruginous limestone, 
transmitted from that locality by A. G. Bain, Esq., F.G.S., and is now in the British 
Museum. 

In a front view of this specimen (Plate XXIII. fig. 1) seven successive vertebrae are 
seen ; but there is an appearance of slight dislocation at the expanded and co-adapted 
articular ends of the two anterior of these (d & s i), which indicates that they were not 
anchylosed together ; the rest seem to have coalesced, although traces of the interver- 
tebral articulations remain. One-half of the last vertebra (Plate XXIV. s «) is broken 
away. The length of the six entire centrums is 1 foot 2 inches. 

The first vertebra (Plate XXIII. fig. 1, d) supports a pair of long, comparatively 
slender curved ribs {pi), articulated to strong outstanding transverse processes {d). These 
were the last or hindmost pair of free ribs, and indicate great breadth in that part of . 
the trunk. 

The second vertebra (ib. s i), which is the first of the sacral series, sends out a pair of 
broad and thick parapophyses (ib. p), to each of which is attached a longer and broader 
pleurapophysis {ib. pi). This rapidly expands as it extends outward, and underlaps, or 

* 4to. 1865, p. 238. 
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passes anterior to, the iliac bone (ib. «). It resembles in shape the human scapula, but 
is much thicker. The hinder and inner border of this sacral rib is thick, and smoothly 
rounded ; the front border is thinner, and is slightly concave ; the outer border appears 
to have been straight, but is somewhat mutilated. This expanded termination of the 
rib rests on the ventral side of the ilium, concealing much of that bone in a front view 
of the pelvis. It has not been anchylosed therewith ; decomposition of the ligamentous 
uniting matter, and subsequent partial dislocation, have allowed the matrix to insinuate 
itself between the sacral rib and the ilium, as seen at a, fig. 2, Plate XXIII. 

Of the short, thick, transversely extended ribs of the five succeeding sacral vertebra, 
the left of the penultimate (pi) is the best preserved towards the pelvic cavity ; it pre- 
sents a smooth convex or rounded surface about an inch in breadth, is slightly bent 
with the concavity towards the outlet of the pelvis, and abuts against the ischium. 

The bodies of the sacral vertebra (s i....«) are contracted at the middle, and slender 
there in proportion to the pelvis, but are rapidly and much expanded at their articular 
ends ; consequently they are very concave lengthwise, both below and at the sides ; but 
are smooth and convex transversely, yielding a semicircular transverse section. The 
parapophyses go off near the base of the neural arch. The first centrum (s 1 ) is nearly 
3 inches in length, and as much in breadth at the articular end, but is only 1 inch 3 lines 
across the middle; the rest slightly diminish in length as they approach the tail. 

The ilium (Plates XXIII. and XXI V. 6») is a strong straight triangular bone, at least 
10 inches in length from the upper border of the acetabulum (Plate XXIII. fig. 2, c) ; 
above which it is contracted to a breadth of 3^ inches and a thickness of 2 inches, and 
then expands to a breadth of 8^ inches, measured along its oblique anterior border or 
labrum, Plate XXIV. fig. 4, 1 1'. The front part of the anterior two-thirds of the ilium 
expands into a rough flattened surface, 6 inches in length, and 3 inches in breadth ante- 
riorly (ib. fig. 4, r), to which the back surface of the expanded first sacral rib is liga- 
mentously attached. The inner surface of the ilium extends 6 inches behind this arti- 
culation, and is almost flat, but rather sinuous : coarse bony ridges or rays of ossification 
appear on this surface, near the labrum (»'), diverging thereto. The outer surface of 
the ilium is moderately concave transversely. This anterior expanded part of the ilium 
passes behind and in advance of the last pair of free ribs ; the relations of which, and 
of the first sacral ribs, remind one of those of the answerable vertebra in the pelvis of 
birds. The ribs of the second and third sacral vertebra also abut against the ilium. 

The isobinm (Plates XXIII. and XXIV. as), behind or beyond the acetabulum, forms 
a short and very thick prominence (ib. fig. 2, t), which receives the abutment of the 
ribs of the fifth sacral (Plate XXIV. pi *) : below or behind this it receives a similar 
abutment from the ribs of the last sacral vertebra (pi «). The space, corresponding to 
the ‘ great foramen ’ in Edentate mammals, is thus divided into^two vacuities. 

The ischium becomes thinner, but is of great breadth where it forms the lower wall of 
the pelvis and converges towards its fellow to form, with the pubis, the long symphysis 
(Plate XXIII. fig. 2, y); here it again increases in thickness. A fracture, with a slight 
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dislocation on the left sid4‘, has taken place where the suture with the pubis may origin- 
ally have existed ; but on the right side bo trace of such suture is visible ; - and the per- 
fect state of the surface of the pelvis at this part demonstrates as .complete a confluence 
of the two bones, with each other and the ilium, to form a large * os innominatum,’ as 
in mammals. 

The pubis (Plates XXIII. and XXIV. as) is remarkable for the bold and broad ante- 
rior convexity (b) of its iliac half, the inner part of which is perforated by an elliptical 
aperture (figs. 1 & 4 ,/*), answering to that in the pubis of the Monitor*. The outer 
part of the bone is produced into a short obtuse process (r), less developed proportionately 
than that in the Monitor’s pubis. Beyond this process the inferior border of the pubis 
bends downward and forward, rendering the antero-inferior surface of the half of the 
bone next the symphysis concave. The symphysis makes a slight angle near its begin- 
ning (Plate XXIII. fig. 1, y), projecting towards the pelvic cavity: the suture, there, is 
obliterated. The inferior or symphysial wall of the pelvis measures 14 inches across in 
a straight line from the border of one acetabulum to that of the other. The length of 
the symphysis (ib. fig. 2, 63, y, ci] in a straight line cannot have been less than 8 inches ; 
but the upper or anterior margin is wanting (ib. fig. 1, es). Its external contour is first 
concave, then convex, lengthwise. The broad, subquadrate ischio-pubic walls of the 
pelvis on each side the symphysis are slightly concave, outwardly, both vertically and 
transversely; the hinder three-fourths of these appear to have been formed by the 
ischium (s<) : there is no ‘ obturator ’ space or vacuity, merely the outlet of the pubic per- 
foration appears externally. Both ischia and pubis combine to form a continuous tract 
of bone at the symphysis, which presents a thick protuberance at its lower or outer part 
near its termination (Plate XXIII. 6*). The thick posterior border of the ischium is 
concave below the acetabulum, lengthwise, expanding into an angular tuberosity. 

The outlet of the pelvis (Plate XXIV. fig. 3) is of a semielliptic form, 9 inches in 
transverse and 4 inches in the fore-and-aft diameters. If the inlet or brim of the 
pelvis (Plate XXIII. fig. 1) be defined by the smooth thick convex border of the first 
sacral ribs (pi), it presents an oval form, and measures 11 inches in transverse and 
10 inches in fore-and-aft diameters, the latter being taken from the middle of the first 
sacral vertebra to the symphysis. 

From the study of the above-described most interesting portion of the dicynodont 
skeleton, we learn — 

1st. That there were no lumbar vertebrae, i. e. none bearing the technical anatomical 
characters of such f; but that free ribs continued to be developed to the pelvic or sacral 
series. 

- 2nd. That the sacral series includes six vertebrae. 

3rd. That the ilium, ischium, and pubis coalesce into an ‘ os innominatum.’ 

* Cwieb, 1 Ossemcna Fossiles,’ pi. 17. fig. 39, b. 

t This negative character is open to the same kind of objection as that relative to the 'hippocampus 
minor * in animals below man. • 
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4th. That the junction of the ossa innominata with the vertebral column is effected 
in two ways — by an overlapping or squamous syndesmosis, and by the usual abutments : 
thus the anterior bony wall or surface of the pelvis, analogous to that formed by the 
expansion of the iliac bones in mammals, is here formed by the expanded ribs of the 
first sacral vertebra. 

5th. That the ischium of the right side joins that of the left, and the right pubis joins 
the left pubis ; and that both pairs of pelvic hsemapophyses are coextended and con- 
fluent, not only along a continuous ischio-pubic symphysis, as in mammals, but so as to 
obliterate the intervening vacuities called '‘foramina ovalia seu obturatoria ,’ thereby re- 
peating the character of the connate abdominal hacmapophyses in the chclonian plastron. 

In the comparison of this new and, at present, unique type of pelvic structure, it is 
interesting to observe, in connexion with the mammalian tusks in the skull, a mam- 
malian condition of the ischio-pubic symphysis. I lay less stress on the degree of coale- 
scence expressed by the term * innominate bone,’ because in some lizards I have observed 
a like confluence of iliac, ischial, and pubic bones, yet never with that amount of 
expansion of the iliac element which the Dicynodon shows, 'and in which, again, may be 
discerned a mammalian characteristic. If the remains of the huge reptiles of the extinct 
Dinosaurian order had not revealed to us an extent of sacrum so much surpassing that 
of all living Saurians, one would have laid more stress on the character of the six sacral 
vertebra? in the Dicynodon , as repeating that in some mammalia. But in this modifica- 
tion we may not be justified in inferring more than that, like the Mcgalosaurus and 
Iguanodon , a heavy trunk was in part supported on a pair of huge hind limbs, and the 
weight thereupon transferred by a larger proportion of the vertebral column in the Dicy- 
nodon than in the prone, crawling Crocodiles and Lizards of the present day. 

As the lacertian characters prevail in the skull of the Dicynodon , so likewise do they 
in the pelvis : the backward production of the iliac bones, their confluence with the 
ischium and pubis, never met with in Crocodiles or Chelonians, and, above all, the 
oblique perforation of the pubis near its acetabular expansion, are all repetitions of 
structures known only, among existing Reptilia, in the lizard tribes. But the massive 
and entire anterior or ventral bony walls of the pelvis, the thick tumid acetabular halves 
of the pubic bones, and the great expanse of the over- or rather under-lapping pleurapo- 
physes of the first sacral vertebra, are dicynodontal specialities, and suggest immense 
strength in this part of the massive framework of these strange extinct Reptilia. 


Explanation op the Plates. 
PLATE XXIII. 
Dicynodon tigriceps . 

Fig. 1. Front view of pelvis : £ n &t. size. 

Fig. 2. Side view of pelvis : £ nat. size. 
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PLATE XXIV. 

Fig. 3. Back view of sacrum and pelvis : £ nat. size. 

Fig. 4. Os innominatum, inner surface : £ nat. size. 

The outline restored by dots, where abraded. 


(III.) Notice of a Skull and parts of the Skeleton of Rhynchosaukus articeps. 

By Professor Owen, F.B.S. &c. 

The rocks in South Africa containing the Dicynodont Reptilia, appear, by other fossils, 
especially of some plants, to belong to the Triassic period. It is in the New Red Sand- 
stones of Europe and of our own island, that reptilian remains have been discovered 
which offer the nearest approach, though the gap is wide, to the dicynodont type. 

A lizard which, in biting, with trenchant edentulous jaws, may also have pierced its 
prey by a pair of produced weapons analogous to the tusks of Bicynodon , has left its 
remains in the New Red Sandstone of the Grinsill quarries near Shrewsbury. In this 
singular species ( Bhynch osau rus articeps *) the premaxillary bones, by their shape and 
structure — the bony tissue of the produced tips acquiring the hardness and almost the 
texture of dentine — and by the production of their sharp end (Plate XXV. fig. 2, 22 - ) 
beyond the mandible (ib. 33), may have inflicted wounds and served a purpose, like those 
of the upper curved tusks of the Bicynodon. 

I take the present opportunity of briefly noting a second example of this exceedingly 
rare fossil reptile, found, like the first, in the Grinsill sandstone, and liberally trans- 
mitted to me for examination and description by the Directors of the Museum of Natu- 
ral History at Shrewsbury. This fossil consists of the skull almost entire (Plate XXV. 
figs. 1 and 2), with about fifteen of the anterior vertebrae (ib. figs. 3 and 4) more or less 
mutilated; and in the same slab of stone are parts or impressions of several ribs, a 
humerus (ib. fig. 3 , *»), antibrachial (ib. m, ss) and metapodial (ib. *7) bones. All these 
parts agree sufficiently in size and other characters with the first-discovered specimen to 
be referable to the same species. 

The apparent greater breadth of the cranium is due to its having been crushed almost 
fiat (fig. 1), which has correspondingly expanded the mandibular rami (fig. 3, 31 , 31 ); but 
the force has been applied either so gradually, or, whether gradually or suddenly, with 
such equable support from the surrounding matrix, that there has occurred little fracture ’ 
or dislocation. 

The temporal muscles have encroached upon the sides of the parietal (fig. 1, 7), so as 
to develope a straight median crest along that bone. The outer and back part of the 
temporal fossa is bounded by a strong triangular mastoid (ib. s), which unites by an 
oblique suture with the long postfrontal, «. The prefrontals are seen at 14 in fig. 1. A 
portion of the lower or true zygomatic arch, not preserved in the first specimen, is 
* Transactions of the Cambridge Philosophical Society, vol. vii. 
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seen at m, in fig. 2. The long, slender, curved and defise premaxillaries (») are in 
the same good state of preservation. The lower jaw is likewise preserved in situ , as 
when the mouth is shut. There is the same compound structure and entire or imper- 
forate outer surface of the ramus as in the original specimen. The symphysis is very 
short, fig. 3, A long and slender bone, on the inner side of the articular end of each 
ramus, appears to be a part or * cornu ’ of the hyoid apparatus, fig. 3, <o, «o. The vertebra 
are biconcave, with broad horizontally flattened zygapophyses and a moderately high, 
subquadrate compressed, fore-and-aft extended spine. The ribs acquire thoracic length 
at about the eighth vertebra from the head, and are longitudinally grooved as in the 
Ichthyosaur. There is an impression of a broad scapula (ib. «i) and broader coracoid 
(ib. m) near the remains of the proximal half of a humerus, ib. si. The humerus has an 
expanded proximal end, and a concave outline behind ; it has also a large medullary 
cavity with a compact wall. The radius (ib. 54 ) and the ulna (ib. is) are distinct. The 
remains of apparently a metatarsus show two of the larger and two of the rather more 
slender of these bones. All bespeak a reptile capable of progression on dry land, as 
well of swimming in the sea ; of one that might leave impressions of its foot-prints on a 
tidal shore. 

The skull of a rare New Zealand Lizard is figured in Plate XXV. fig. 5, as coming 
nearest to the Rhynchosaur in the proportions of the divided premaxillaries (ib. 22 ), each 
with a large and long tooth, which, were it completely confluent with the bone, would 
add still more to its resemblance to the New Red Sandstone fossil. 


Explanation of the Plate. 

PLATE XXV. Rhynckosaurus articejps. 

Fig. 1. Upper view of skull. 

Fig. 2. Side view of skull. 

Fig. 3. Under view of the mandible and fore part of skeleton. 
Fig. 4. Portion of the vertebral column. 

Fig. 6 . Side view of the skull of Rhynchocephalus (recent). 

All the figures are of the natural size. 
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Chapter I. 

1. I propose in these pages to prove the principal theorems of dynamics in a manner 
which appears to me both simpler and more methodical than that in which they are 
generally proved ; and I believe that I shall be able, by applying a few conceptions 
which spring naturally from the principles of higher algebra and statics, to give a clear 
interpretation to most of the more complicated formulae in dynamics, as well as to the 
several analytical steps which lead to those formulae. 

2. There are many reasons why the diagonal AD, which is constructed on the straight 
lines AB, AC, should be considered as the sum of those two lines. Those reasons may 
be found developed in De Morgan’s ‘ Double Algebra,’ in Warren ‘ On Imaginary 
Quantities,’ and in the Tract of Benjamin Gompertz ‘ On Imaginary Quantities.’ 

I shall therefore call AD (AD being the diagonal of the parallelogram constructed on 
AB and AC) the complete sum of AB and AC, and the two lines AB and AC will be 
called the components of AD. Moreover, denoting AB, AC, AD by P, Q, R respectively, 
I shall express their relation to one another by the equation 

R=(P)+(Q). 

I shall likewise denote by (— -Q) a line equal and opposite to Q, and define (P)— (Q) 
to be the same as (P)+( — Q), calling it the complete difference of P and Q . 

AH lines which have the same length and direction will be considered as equal to one 
another, so that any line is equivalent to a line through the origin having the same 
length and direction. 

3. It evidently follows from the above definitions, that the complete sum of AB and 
BC is AC, and the complete difference of AB and AC is BC. 

4. Suppose now Q to represent a line which varies with the time t both in length and 
direction. The complete difference of the two consecutive values of Q after an increment 
of time At may be called the complete increment of Q, and may be. denoted by A(Q). 
Moreover, if we divide the length of A(Q) by At, and take the limit of that ratio, then 
the line which has that limit for its length, and which has for its directiq^the direction 
of A(Q), when At dim ini shes without limit, will be called the complete differential 
coefficient of Q, and will be denoted by D,(Q). 

6. It will be sometimes found convenient to denote a line of length r , which is parallel 
or perpendicular to a line P, by (r || toP) or (rJ/toP). Moreover, if n represent a 
mdccclxii. 3 s 
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numerical quantity, then nV may be used to denote a line which is in the direction of 
P, and whose length bears to that of P the ratio of n to 1. 

6. The following Lemmas, which will be of constant use, are all but self-evident : — 

I. If Ii=(P)— (Q), then (R)— (P)-f(Q)=0. In short, the ordinary rule of signs holds 

good. 

^ II. (nP)±(wQ)=»{(P)±(Q)}. 

III. The projection on any line or plane of the complete sum or difference of two 
lines is equal to the sum or difference of their respective projections on the line or plane. 

7. Whenever there is no risk of any mistake, the brackets may be omitted in the above 
ami similar formulae, and the complete sum or difference of lines may be spoken of simply 
as their sum or difference. 

What has been hitherto said may be of course extended to all magnitudes whatsoever 
which can be adequately represented by straight lines, such as forces, velocities, axes of 
couples, axes of rotation, and accelerations, &c. 

% 8. The application which can be made in dynamics of this conception of the 
complete differential coefficient of a line, will become at once apparent from the follow- 
ing considerations. 

Suppose a particle to be moving from A to B. Let O be any fixed point. Then the 
particle’s velocity is, according to its very definition, represented in 

magnitude and direction by the limit of But AB is the com- 

A . 0 

plete difference of O B and O A, or the complete increment of the 

AB 

radius vector O A, and therefore the velocity, being the limit of is the complete 
differential coefficient of the radius vector. 

In the next place let O A and O B in the last figure represent in magnitude and direc- 
tion the successive velocities of a particle at times t and Atf respectively. Then, since 
OB=(OA)+(AB), it follows that, if with the velocity OA we compound the velocity 
AB, we shall obtain the velocity OB, and therefore the particle’s acceleration is repre- 
sented by the limit of or by the complete differential coefficient of the velocity OA. 

Hence we have the following proposition : — 

If a particle’s velocity and acceleration be represented by straight lines, the velocity 
will be represented by the complete differential coefficient of the radius vector drawn 
from a fixed point to the particle, and the acceleration will be represented by the complete 
differential coefficient of the velocity. Or more briefly, the velocity is the complete dif- 
ferential coefficient of the radius vector , and the acceleration is the complete differential 
coefficient of the velocity , and is therefore the second complete differential coefficient of the 
radius vector. So that if R denote the radius vector, and V and F denote respectively 
the velocity and acceleration, we have 

V=H < (R), F=D,(V)=D?(R). 
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9. Such then being the connexion which exists between the differential coefficient ot 
the radius vector and the velocity and acceleration of a particle, I will proceed to prove 
some of the principal propositions concerning the differential coefficients of lines, and to 
a Pply them to the dynamics, or rather the kinematics of a particle. 

The first proposition is the following : — 

If P, Q, It represent straight lines, and if we have 

(P)±(Q)=B, 

then 

D,(P)±D,(Q)=D < (It). 

For let P, Q, R after an interval of time A t become P', Q', R' respectively, then wc 
have 

(P')±(Q')=R', 

and therefore, by Lemma I. of section 6, it follows that 

KF)-(I’)} ± i(Q')—(Q)} =(R')-(R), 

or 

A(P)±A(Q)=A(It). 

Therefore by Lemma II. of section 6, we have 

/A(P)\ /A(Q)\ A(R). 

y At J-^\ At )~~ At » 

and taking the limit of both sides of this equation, we obtain 

lMP)±L> t (Q)=D,(R). 

Similarly it may be shown that 

I>,{(P)±(Q)±(F)^=I> < (P)+D / (Q)±D < (R). 

Moreover, denoting the second complete differential coefficient by I)?, it follows that 

iW)±(Q)+TO=^MP)±dxq)±d,(R)} 

=D?(P)±D*(Q)±D?(R). 


10. Suppose now a line Q to have Q jn Q^, Q- for its components parallel to the axes 
of coordinates Ox, O y, Oz ; it is evident from Lemma III. of section 6, that 

Q=(Q,)+(a)+(a). 

It follows, therefore, from the preceding section, that 


D^Qj^QJ+D^QJ+D^QJ (I.) 

and 

d;(Q)=d;(q,)+d;(Q,)+d;(Q,). . (it) 


These equations are true whether the axes of coordinates are fixed or move. But 
supposing the axes to be fixed axes, let q x , q y , q x be the respective lengths of Q.,, Q^, Q,. 
Then it is evident that, as the direction of Q, does not vary, D,(Q,) is a line whose 

J 

direction is that of Q, or Ox, and whose length is ; and similarly, Df(QJ is a line whose 


• • Q m Q * « 

direction is that of Ox, and whose magnitude is ~g. Similar results hold good for 


3 s 2 
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D<(Q y ), D/(Q y ), &c. Therefore the two equations (I.) and (II.) evidently show that the 

components of D,(Q) and D?(Q) parallel to Ox are respectively equal to and 

11. It is easy to apply the above results to the velocity and acceleration of a particle. 
For let Q in the last section stand for the radius vector of a moving particle, then the 
components of the radius vector are respectively equal to x, y, and z ; and since the 
velocity is the complete differential coefficient, and the acceleration is the second complete 
differential coefficient of the radius vector, it follows from the last section that the com- 
ponents parallel to Ox of the velocity and of the acceleration are respectively equal to 

d*3C d*x % 

£ and . So that if c,, v y , v x be the components of the velocity, and be the 

components of the acceleration, we have the elementary formulae 

dx . . dy dz 

v *~ dP and smillarl y v y-~dV V *-Jt > 


B 


y //2 j* f/Z* 

i fl U/ 1**11 /» Mr U rt it iw 

and similarly 

12. Our next proposition will arise from investigating the complete differential coeffi 
cient of a line Q, which varies both in magnitude and direction with the time t. 

Let Q at time t be the line O A, and let it become O B at time 

so that we have ^ 

A(Q)=(OB)-(OA)=AB. 

Produce OA to C, making OC=OB, and draw BC. Let OA 
and OB have for their respective lengths q and q - and let angle BO A=a. 

Then 

A(Q)=AB=(AC)-f(CB). ^ 

Therefore, by Lemma II. of section 6, 

A 1?=(ay) + (^) (!) 

Now diminish A£ indefinitely and take the limit of the last equation. The limit of 

A(Q) , ... AC 

is D,(Q), the complete differential coefficient of Q. The limit of is evidently 

a line whose length is the limit of ^j, or and whose direction is that of OA or of Q. 

CB 

Finally, since COB is an isosceles triangle, has for its limit a line whose length is 

OA limit of and whose direction is perpendicular to OA or Q, and in the plane in 
which Q is moving at time t ; and if vs be the rate at which the direction of Q is varying 
at time t, w=liinit of Therefore, taking the limit of equation (I.), we obtain 

D,(Q)=(||| to q) +(?®X' to Q), 
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the latter line (qm j_ r to Q) being in the plane in which Q is moving at time t. This is 
the fundamental proposition concerning the differential coefficient of a line, and may be 
stated in the following form : — 

The complete differential coefficient of a line Q, whose length is Q and whose direction 
is at time t varying with an angular velocity m, is the complete sum or is compounded of 

two lines , one being ^ in the direction of Q, and the other being qm in a direction perpen- 
dicular to Q and in the plane in which Q is moving at time t. The former of these two 
lines would evidently be the complete differential coefficient of Q, if the length of Q only 
varied, and the latter would be its complete differential coefficient if the direction of Q 
only varied ; and in this sense it may therefore be said that the complete differential 
coefficient of a line is the complete sum of the two partial differential coefficients obtained 
by varying separately the length and the direction of Q. One of these partial differential 
coefficients may be called the length-differential coefficient , and the other the direction- 
differential coefficient of Q, and the complete sum of these two constitutes the complete 
differential coefficient of Q. 

13. Let Q in the preceding section stand for the velocity of a- moving particle. Then 
D/(Q) will be the particle’s acceleration, q will be the velocity v, and the direction of Q 
will be that of the tangent to the particle’s path. Finally, mdt will be the angle between 

ds . 

two consecutive tangents, so that z*dt——, ds being an element of the particle’s path, 

1 ds v 

and the absolute radius of curvature. Therefore sr=- dt = % ^ f°H°ws then at once 


dv 


from the last section, that D,(Q), the particle’s acceleration, is compounded of along the 

tangent, and vta or — perpendicular to the tangent and in the plane in which the radius 

vector is moving at time t. In other words, the resolved part of the acceleration along 

dv d 2 s • 

the tangent is ^=^- 4 , and the resolved part along the absolute radius of curvature is 

14. The same fundamental proposition of section 12 enables us to investigate D?(Q), 
the second complete differential coefficient of a line Q, if we suppose that line to move 
always in the same plane. We have, namely, 

D,(Q)=(| || to Q) +(* 2 ±’ to Q). 

Now, in order to find D*(Q), we must ascertain the complete differential coefficients of 
^ || to and of (vq± r to Q). The complete differential coefficient of the former line 

II *° Q) by section 12, 

ii to qWw ■■ 
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Again, the complete differential coefficient of the line (qnr J_ r to Q) is similarly the 

complete sum of the line ^ J_ r to and of a line whose length is qm* and whose 

direction is perpendicular to the line (qrs J_ r to Q), and whose direction is therefore 
evidently opposite to that of Q. Hence D;(Q) is the complete sum of 

|| to and (™j t U to q ) and (j t {q™)±_ T to and (— qvr* || to Q). 

Therefore 

»;(Q)= {(§-?'’’) II t o Q}+{(s®+a(«"))-L'toQ}- 

In other words, the components of D?(Q) parallel and perpendicular to Q are respect- 
ively 

ancl W-'rJtM- 

15. This last result may be easily applied to the dynamics of a particle. For, let Q 
stand for the radius vector of a particle moving in a given plane. Let that radius vector 
have r for its length and nr for its angular velocity ; then, since the acceleration equals 
the second differential coefficient of the radius vector, it follows at once from the last 
section, that the components of the acceleration parallel and perpendicular to the radius 
vector are respectively 

% -r* an(1 or ’ li (’*”)■ 

10. This last result is, however, but a particular instance of the connexion which 
exists between the actual motion of a particle, and its motion relatively to axes which 
move in the same plane as the particle moves. It will be found that that connexion 
may be easily deduced from the solution of the following problem : — 

“ Supposing the axes of coordinates 0.r and O y to move about O in the plane of xy 
with an angular velocity w at time it is required to find the complete differential coeffi- 
cient of a line Q which moves in that plane, the lengths of Q’s components along the 
moving axes being given.” 

Let Q have for its components Q, and Q^, and let the respective lengths of these be 
q x and q y . Then, by Lemma III. of section G, we have 

Q=(Q,)+(Q y ). 

Whence it follows that 

D < (Q)=D < (Q,)+D < (Q y ). 

Now since Q, and vary in direction as well as magnitude, and since the angular 
velocity of their change of direction is sr, we have, by the fundamental proposition in 
section 12, 

D<(Q,)= || to O aj -\-(nrq, X to 

D<(Qy)= || to Oy^j +(®2 , „ _L r to QjO* 
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But since the lines (mq t JL r to Ox) and (vrq y J_ r to 0 y) are respectively proportional and 
perpendicular to Q, and Q^, and since the latter lines have Q for their complete sum, it 
evidently follows that the former two lines have for their complete sum a line which is 
perpendicular to Q, and whose length is vsq. 

Hence 

H,(Q)= II to Ox) + II totty) +(„ S X' to Q) (II.) 

17. This last formula is true whether the axes be rectangular or oblique, and may be 
made the basis of all the formula? of relative motion in one plane. 

It may be observed that the line 

(%||to°x) + (&||toOy) 

is what would be the complete differential coefficient of Q if the coordinate axes were 
fixed ; and it may therefore be called the complete differential coefficient relative to the 
moving axes, or, more briefly, the relative differential coefficient of Q. So that the above 
formula shows that the complete differential coefficient of Q is its relative differential 
coefficient together with a line (toy/ JJ to Q), the latter line being drawn towards the direc- 
tion in which the axes are revolving. 

18. If the axes of coordinates be rectangular, then the line (vrq x J_ r to Ox) is evidently 
the same as (mq x || to Og), and the line (mq 3 j_ r to Oy) is the same as ( — mq y j| to Ox) ; and 
therefore, looking at the equations (I.) in section 16, we see that 

Q) = D/( Q,) + D<( QJ 

= ((%-"»') l|t°0*) + ((-*H-«J.) U toOy). 

In other words, the components of 1),(Q) parallel to Ox and Oy are respectively 

and (HI.) 

The same result may be also deduced from formula (II.) in the same section, if we 
resolve the line (mq J_ r to Q) along the rectangular axes of x and y. 

19. Let us apply the above formulae first to the velocity of a particle. 

Suppose, then, a particle to move in a given • plane, and that the rectangular axes of 
coordinates in that plane revolve about the origin with an angular velocity nr at time t. 
Let v g and v y be the components of the particle’s velocity along the moving axes. Then, 
since the velocity is the complete differential coefficient of the radius vector, and since 
x and y are the components of that radius vector, it follows from the formula; (III.) of 
the last section, that 

dt: 

dy , 

' v *—dt+ XfS ' 
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dx 

If the radius vector be chosen as axis of then x—r, y=0 ; therefore along 

the radius vector, v 9 =zru perpendicular to the radius vector, where nr is the angular 
velocity of the radius vector. 

20. Let us now apply the same formulae (III.) of section 18 to the acceleration of a 
particle. Let v x and v y , as before, denote the components of the velocity, and let/^ and^ 
denote the components of the acceleration of the particle. Then, since the acceleration 
is the complete differential coefficient of the velocity which has v y for its components, 
it follows at once from the formulae (III.), that 

r dv 



Suppose now the axis of x to be the radius vector, then we have already shown that 
v x =jjr ( , v y =rw. Therefore by substituting these values in the last formulae, we see that 

d*r 

f x , the acceleration along the radius vector, is ^ — rw 2 , and f y , the acceleration perpen- 
dicular to the radius vector, is * (m)+® (®^ 2 ), which is the same result as was 

obtained in section 15. 

21. Returning to the more general case, we have, as before, 



dv x 

Jt 


— V-m, 


dv, 

dt 




and substituting in these the values already 


obtained for v x and v y , namely 


dx 
’ dt 


-ynr, 


dy 

dt 


-f-^ror, we find 


9 dy 

J‘— dt*~~* dt 


m — mX — 


dm 

y dt ’ 


n d*y dec 2 , dnr 

fy— dt* + 2 Tt * 9 y+ x dt ’ 


. (IV.) 


which are the formulae for the components of the acceleration jp. terms of the coordinates 
of the particle. 

22. The last formulae (IV.) may also be obtained in the following manner. 

Let Q, and Q y represent respectively the components of the radius vector Q along the 
axes of x and y. Then 

Q=(Q,)+(Q,). « 

Therefore 

DKQ)=D»(Q # )-fD?(Q y ). 
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But since the axes of x and y revolve at time t with an angular velocity nr, and since 
Q, and Q y have x and y for their respective lengths, it follows from section 14, that 

D|(Q,)={ (§-«>') | toOxUj^OrVU'tooA 

and that 

d ^)={(s?-:k) II toOy}+{^(yV)rtoO ? }. 

Whence it is easy to see that the components of D, 2 (Q), or of the particle’s acceleration, 
arc 

J (V.) 

/. d*y 2 I 1 d , a . 

which equations are clearly the same as those obtained in the preceding section. 

We shall soon prove similar formulae for the more general case of a particle and axes 
of coordinates moving in any manner whatsoever in space of three dimensions, and 
therefore, in order to prevent needless repetition, we shall postpone the further discussion 
and complete interpretation of the equations (IV.) or (V.). 

23. It is, however, interesting here to observe that all the results already obtained may 
be readily deduced from the principles of what Professor De Morgan has called “Double 
Algebra.” According to those principles, namely, the radius vector R whose length is 
r and whose inclination to a fixed line is 6, is symbolically represented by n° ^~ l , so that 
we have 

R=rg eV:rT . 

Therefore 

d 

and the last expression represents the complete sum of 

(S II to n) and (4 r to It). 

This result is the same as that arrived at in section 12. 

Again, D;(R)=D,(D,(R))= 

{p+'S- 1 It( r Ti)+Tt‘S- i (s+ r f v'-l)) 

=‘“ / " (S~ r S +'/~ 1 (it ( r l)+7t7t)) • 

and this expression represents the complete sum of a line 

tPr B , ,. d / dd\ drdi „ 

|| toR and a line * (rsJ +2 si.’ to B. 

This result is the same as that arrived at in section 14. 

3 T 
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Finally, in order to obtain the formula? for relative motion, we have merely to put 

where 6 is the angle made by It with the moving axis of x, and a is the angle made by 
that moving axis with a fixed line. It follows then that 

(« vrl )+r~ s/-\ 


Now it is evident that e* ‘ J ~ l 4 (re® ‘ J ~‘ ) represents the relative differential coefficient of 

R, and r^s / — l g< 9+ «W- 1 represents a liner^JJto R. We thus obtain the same 
result as in section 16. 

By differentiating again it would also be easy to deduce the result of section 20, if we 

observe that (n 0 ^~ l ) represents the particle’s relative acceleration whose com- 

dPcc d^y 
ponents are and ^ 


Chapter II. 

24. In order to extend the formulae which we have proved for the motion of a particle 
in one plane to the motion of a particle in space, it will be found very convenient to 
make use of a conception which presents itself in statics, as soon as the equilibrium of 
a solid body is treated of in that science. 

Let O A and O B be any two straight lines drawn from the origin O. 

If then O A represent a force P, and if we apply at B a force — P, we 
shall obtain a couple. Let 0 C be the axis of that couple. We know 
then from statics that, if O A and O B have for their projections on the 
axes of coordinates X, Y, Z and x , y, z, then O C has for its projections 

zY-yZ, xZ-zX, yX-xY (I.) 

Now the relation which the line O C bears to the lines O A and O B is one which not 
only presents itself in statics, but which also plays a very important part in the differ- 
entiation of lines, and in the dynamics both of a particle and of a body. For this reason 
it will be proper to treat of the relation in question quite independently of statical 
considerations ; and since the expressions (I.), which are the projections of O C, are evi- 
dently what are called determinants , I shall call the line O C the determinant of OH to 
OA. 

Hence we have the following definition : — 

“ The determinant of a line Q to a line P is a line which is equal to twice the area of 
the triangle of which the lines P and Q drawn from the origin are sides, and which is 
perpendicular to that area, and the line is moreover drawn in such a direction that, to 
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an eye looking along it towards the origin, the revolution of Q towards P appears to be 
a revolution in the positive direction.” 

The determinant of Q to P may be briefly denoted by 

det (Q, P). 

It is evident from the above definition, that the determinant of Q to P is a line equal 
and opposite to the determinant of P to Q. 

Moreover, if the projections of P on the axes of coordinates be p x , p y , p t , and those of 
Q be q x , q y , q t , then it follows from the formulae (I.), that the determinant of Q to P or 
det (Q, P) has for its projections 

(hV—Mh, ( n 0 

25. The connexion which exists between the notion of a determinant of lines and the 
elementary conceptions of dynamics may be easily made apparent. For suppose a 
particle at the extremity 13 of O B to be revolving about the line O A with an angular 
velocity represented in magnitude by O A, then if 0 C be drawn perpendicular to the 
plane AO B, and equal to twice the area A OB, it is evident that O C will represent 
the linear velocity of the particle. But O C is then by definition the same thing as the 
determinant of O A to O B. Whence it follows that the determinant of O A to O B 
represents the velocity of the point B, due to a rotation whose axis and angular velocity 
are represented by O A. 

This result, together with the result of the preceding section, may then be recapitulated 
in the following manner. If V represent the velocity of a particle at the extremity of 
the radius vector It, and the particle rotates about an axis which is represented by the 
line Cl, then, if the angular velocity is represented by the length of O, we have 

V=det (H, It). 

Secondly, if P represent a force at the origin and E represent the radius vector at the 
extremity of which a force — P acts, then the axis of the couple (P, — P) is det (P, E) 
or det (E, — P) ; so that det (E, P) is what French writers call “ the moment-axis of a 
force P with respect to the origin.” 

26. Sych, then, being the connexion between determinants and statical and dynamical 
conceptions, I will proceed to prove some of the more important propositions concerning 
the determinants of lines. 

The most important theorem concerning the determinants of lines is the following : — 
“ If P, P', and Q be three straight lines drawn from the origin, then 

det (P, Q)+det (P, Q)=det {(P)+(P), Q>.” 

This proposition might be easily proved by geometry, but it is at once deducible from 
statics. For, consider two couples having a common arm Q, and having forces P and P' 
respectively acting at the extremity of Q at the origin O. The resultant of those two 
couples will be a couple having the same arm Q, and having for its force acting at O the 
resultant of P and P', or (P)+(P). Now it is proved in statics that the axis of this 

3 t 2 



480 


MB. A. COHEN ON THE DIFFERENTIAL COEFFICIENTS 


resultant couple is the complete sum of the axes of two component couples. Therefore, 
substituting for those axes the equivalent determinants, we see that the determinant of 
(P)-j-(P') to Q is the complete sum of the determinant of P to Q, and of the deter- 


minant of P' to Q. Thus we have 

det (P, Q)+dct (P', Q)=det {(P)+(F), Q} (I.) 

And it may similarly be shown that 

det (P, Q)— det (P' Q)=det {(P)-(P'), Q} (II.) 


The same proposition follows also easily from a consideration of the linear expressions 
(IT.) in section 24 for the projections of a determinant, and is in fact equivalent to a 
fundamental theorem concerning algebraic determinants, which theorem may be found 
in Salmon’s ‘ Lessons on Higher Algebra,’ section 19, page 9. 

27. The proposition proved in the last section will be found to be of constant use in 
explaining and shortening analytical processes in mechanics. One useful application can 
be made of it in proving “ the parallelogram of angular velocities.” For taking Q to be 
the radius vector of a particle, and P and P' to represent two axes and angular velocities 
of rotation then the formula (I.) of the last section translates itself at once by means of 
section 25 into the following proposition : — “ The linear velocity of a particle due to a 
rotation whose axis and angular velocity are represented by the line P, compounded 
with the linear velocity due to a rotation similarly represented by the line P', is equiva- 
lent to the linear velocity due to a rotation represented by the complete sum of P and 
P'.” And this is evidently the same as the proposition called “ the parallelogram of 
angular velocities of rotation.” 

28. Let us next investigate the complete differential coefficient of det (P, Q). 

We will first premise that, if m be any numerical quantity, it follows evidently from 
the definition of a determinant, that 

det (wiP, Q)=m det (P, Q)=det (P, mQ) (I.) 

Suppose now that P and Q after an interval of time A t become respectively (P)-)-(AP), 
(Q)H-(AQ), the sign + here denoting the complete sum. Then the complete increment 
of det (P, Q) is 

det (P-f-AP, Q+AQ)-det(P, Q)= 

det (P+ AP, Q-j-AQ)— det (P+ AP, Q)+det (P+ AP, Q)-det (P, Q). 

But it follows from formula (II.) of section 26, that 

det(P+AP, Q+AQ)-det(P+Al\Q)=det(P+AP, AQ); 

and similarly, 

det(P+AP, Q)— det (P, Q)=det ( AP, Q). 

Substitute, then, these values in the above equation (II.), and divide both sides by A# by 
means of the above formula (I.), and finally let A t diminish without limit We thus 
obtain for the complete differential coefficient of det (P, Q) 

det (P, D, (Q))+det (D<(P), Q). 
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We have therefore the equation 

D ( {det (P, Q)> =det {P, D ( (Q)\ +det {D,(P), Q} . 

The same equation may also be proved by considering the algebraical determinants 
which represent the projections of det (f\ Q) ; and it may in fact be easily deduced from 
the following identical equation, 


+ (a. %-a. jr) 


29. It may be here observed that the formula; (I.) and (II.) in section 26, and the 
formula; (I.) and (11.) in section 28, show that there exists an intimate symbolical connexion 
between det (P, Q) and the product P, Q. In fact the only difference between their 
symbolical properties consists in P and Q not being commutative in the expression 
det (P, Q), and being so in the expression for the product. 

30. There is one more proposition which is often very useful in analytical dynamics. 

Let it be required to find det (R, Q'), where Q! itself equals det (P, Q). Let the required 

line det (It, Q') be denoted by U. Then, by the definition of a determinant, U is perpen- 
dicular on R and on Q', which last line is itself perpendicular on the plane containing 
P and Q. Hence it follows that U is perpendicular on R and in the plane containing, 
P and Q. 

We have still to find the magnitude of U. For this purpose let the angle which R 
makes with the plane containing P and Q be \f/, so that %}/ is the complement of the 
angle between R and Q\ 

Moreover, let 0 be the angle between P and Q, and let the magnitudes of P, Q, Q', R be 
denoted by p, q, q', r respectively. Then, since U is det (R, Q'), it follows from the defini- 

. tion of a determinant, that the length of U equals rq' sin ^ or rq' cos \|/. Simi- 
larly, q'=pq sin 6. Hence the length of U equals pqr sin 0 cos >|/. 

There are two cases especially which frequently occur in dynamics, first, when R is 
identical with Q, and secondly, when R is perpendicular on Q. 

Let us first take the case of R being identical with Q ; then \p=0 and r=q. There- 
fore the required determinant is a line in the plane containing P and Q, and perpendi- 
cular on R or Q, and its length equals pq* sin 6. 

If, moreover, Q is perpendicular on P, then the required determinant is in the 

direction of P, and its length equals p# 2 , since 0=|. So that, if P is perpendicular on 


Q, we see that det {Q, det (P, Q)} is a lin epq* in the direction of P ; and therefore evi- 
dently det {Q, det(Q, P)} is a line pq* opposite to P. 

Let us now take the case of R being perpendicular on Q. Then it might be easily 
proved by spherical trigonometry, that sin 6 cos \f/ equals the cosine of the angle between 
R and P. But we will prove this by analysis, because in doing so we shall meet with 
formulae which will be of use in the sequel. 
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Let, then, the components of P, Q, Q', R parallel i o any three axes of coordinates 
be denoted by p x ,p y ,p* q x , &c., q' x , &c., r x , &c. Then, if we denote the components of 
U=det(R, Q f ) by u a , u y , u x , we have, by section 24, 

• ( L ) 

and sjpee Q'=det (P, Q), we have 

q x =q^ x —q r p r 

Hence, substituting the values of q' t and q y in (I.), we get 

u * + Wc) — q^p/ s +?«»•«)• 

jtfow by hypothesis R is perpendicular on Q : hence 

qj's+q 3 ,r v +q l r s =o ; 

therefore 

q y r 3 +qr : =-q x r x . 

Therefore 

u x — — q x {pj' x ^-p y r y -\-p z r t ). 

But as q and r denote the magnitudes of P and li, it is evident that 

pjr* +1W* +p c r z =pr cos <p, 

where <p denotes the angle between P and R. Therefore 

—prq x cos <p. 

Similarly 

u y — — prq 3 cos <p, 
u e — — prq z cos <p. 

Therefore the line U of which u x , u y , u, are the components is a line in direction oppo- 
site to Q, and whose length equals prq cos <p, q being the length of Q. Hence if R be 
perpendicular on Q, then det (R, det (P, Q)) equals — pqr cos <p in the direction of Q. 

It follows from the above proposition, that, if Q! or det (P, Q) represent a force or 
acceleration which acts at the extremity of the radius vector R, and if Q be perpendicular 
on R, then the moment-axis of that force or acceleration about the origin is —>pqr cos <p 
in the direction of Q, and the moments of such force or acceleration about the coordi- 
nate axes are respectively — pr cos <p q x , —pr cos <p q y , —pr cos <p q x ; and as <p is the angle 
between P and the radius vector R, pr cos <p—xp x -\- yp y zp„ if x, y, z be the coordinates 
of the extremity of the radius vector. 


Chapter III. 

31. We are now in a condition to treat fully of the motion of a particle in space of 
three dimensions; and it will be found that the propositions which have just been 
proved concerning the determinants of lines, will enable us to show how all the results 
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arrived at as to a particle’s motion in one plane may be extended to motion in space 
generally. 

32. Suppose Q to represent a line drawn from the origin, varying both in direction 
and magnitude in any manner whatsoever, and let it be required to investigate D<(Q) the 
complete differential coefficient of Q. 

Let the length of Q be q at time t, and let the direction of Q be revolving at time t 
about a line whose directfbn is that of the line represented by f2, and let the length of 
£2 be the angular velocity nr, with which Q’s direction is revolving at time t. 

It has been already shown in section 12 that D,(Q) is in all cases the complete sum 
of |he two partial differential coefficients which are obtained by varying separately the 
length and direction of Q. Now the former partial differential coefficient is evidently 

(^dt II *° ant * ^hc ot l lor partial differential coefficient is, by section 25, equal Jto 

det (Q, Q). Hence we have the following fundamental equation, 

D,(Q)= (f II to Q) +det (Q, Q) (I.) 

33. It is not difficult to deduce from the last equation the expression for D*(Q), the 
second complete differential coefficient of Q. In order to find that expression we must 
take the complete differential coefficient of each of the expressions of which the right- 
hand member of equation (I.) is composed. For this purpose represent for a moment 

the line (^ t || to by Q,. Then it follows from the fundamental formula of the pre- 
ceding section, that 

D?(Q)=D < (Q 1 )+D, (det (12, Q)). 

Now the formula (I.) of the last section gives evidently 

D,(Q,)=(5 II to Q.) +det (£2, Q,), 
or 

($ II to Q)+det(Q,Q,). 

Moreover we have, according to section 28 of the preceding Chapter, 

‘ D,{det (12, Q){ =det {D,(12), Q} +det {12, D,(Q){ . 

But since 

D f (Q)=(Q 1 )+det(12,Q), 

it follows from section 26 of the preceding Chapter, that 

det (12, D,(Q))=det (12, QJ+det {12, det (12, Q)} . 

Therefore, collecting* the above results, we obtain 
DJ(Q)=D t (Q 1 )+I) < {det (12, Q)\ = 

(d? || to Q^-J-2 det (12, QJ+det (D«(12), Q)+det{12, det (12, Q)}. 
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The two last terms of this expression are evidently what would be D*(Q) if 
^ were zero, that is to say, if Q did not vary in magnitude ; and ^5 II to is evi- 
dently what D?(Q) would be if Q did not vary in direction ; so that we have the 
following proposition : — 

“ DJ(Q) is the complete sum of the two partial second differential coefficients obtained 
by varying separately the length and the direction of Q, together with 2 det (12, Q,), 

where Q, is the line || to 

34. Suppose Q to be R the radius vector of a moving particle, the*length of which 

|| to R 1 , and 

is therefore the velocity along the radius vector. If, then, we denote this by R„ the 
equation arrived at in the last section shows that the acceleration is compounded of 

|| to It) )-2 det (Q, R,), 

and of what would be the particle’s acceleration if R did not vary in magnitude, that is 
to say, if the particle simply revolved about the oiigin. And this latter acceleration is 
again compounded of det (D,(12), It) and det )12, det (12, R)f . The last line is, by section 
30, a line drawn from the extremity of R, or from the particle, perpendicular to and 
towards 12, and whose magnitude is being the length of that perpendicular. 

35. The above result is, however, but a particular instance of the theory of the motion 
of a particle relatively to axes which revolve abgut the origin, a subject which we are now 
in a condition to treat of very simply in its utmost generality. That theory will be found 
to depend upon the solution of the following problem : — 

“ Supposing the axes of coordinates Ox, O y, Oz to revolve round the origin O about 
an axis 12 at time t with angular velocity m (which is the length of 12), it is required to 
find the complete differential coefficient of a line Q, the components of Q along the 
coordinate axes being given.” 

Let Q have for its components Q,, Q y , Q„ and let the respective lengths of these be 
q x , q y , q e . Then evidently 

Q=(Q,)+(Q,)+(Ci,). 

Therefore 

D,(Q)=D,(Q,)+D,(Q,)+D,(Q,). 

But, by the fundamental formula of section 32, we have 

D,(QJ= (% || to Ox) +det (SI, Q,), 

D,(Q,)= (% || to Oy) +det (Q, QJ, 

D,(Q,)= (J' || to Ox) +det (O, Q,). 
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Now we know, from section 26 of Chapter II., that 

det (Q, Q,)+det (Q, Q y )+det (12, Q„) 

=detjQ, (Q x )+(Qy)+(Q«)} 

=det(12, Q). 

Therefore 

D,(Q)= ($-’ II to °») + (s 1 II 40 °y) + (w II t0 °*) + det (A Q> 

This formula is true whether the axes be rectangular or oblique, and may be mado 
the basis of all the formula) of relative motion. 

It may be observed that, if the coordinate axes did not move, D,(Q) would be equiva- 
lent to 

(•Jr II to0 *) + II to0 ^)+($ £ II to0 *)- 

So that the line represented by the last expression may be called the differential coeffi- 
cient of Q relatively to the moving axis , or, more briefly, the relative differential coefficient 
of Q. The above formula of the last section therefore shows that the complete differential 
coefficient of Q is the relative differential coefficient of Q together with det (12, Q). 

This proposition exactly corresponds with the proposition in section 17 of Chapter I. 

36. Assuming now the axes of coordinates to be rectangular, we know, from formula) 
(II.) in section 24 of Chapter II., that det (12, Q) has for its components 

q z -m y — parallel to (Xr, 
q x rsT t —q t vT x parallel to Oy, 
q y vr x —q x vr y parallel to O z. 

Therefore it follows from the preceding section, that the components of D, (Q) are 

dg x . 

di+ 

dq y , 
dq* i 

These formulae are in fact simply the analytical expression of the fundamental propo- 
sition in the preceding section, and correspond exactly to the formulae in section 18 of 
Chapter I. 

37. Let us now apply the above formulae to dynamics, and first to the velocity of a 
particle. 

Suppose, then, a particle to move in space in any manner whatsoever, and suppose that 
the rectangular axes of coordinates revolve about a line 12 at time t with angular velocity 
w, w being the length of 12. Let v xi v f , v t be the components of the particle’s velocity, 
and w x , 0 ^, the components of 12. Then, since the velocity is the complete differential 
coefficient of the radius vector R of the particle, and since x , y, z are the components of 
mdccclxii. 3 u 
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R, it follows at once from the formulae of the preceding section, that 

• dx 

dy . 

V y =ft- \-XrB t —Zrs x , 

dz 

dt J ry m *— x ™r 

These formulae simply express the fact, that the absolute velocity is equivalent to the 
relative velocity together with det(I2, R). 

38. Let us next apply the formulae to the acceleration of a particle. Let, as before, 
v x , Vy, v e be the components of the particle’s velocity V, and let fr>fy>f* be the components 
of the particle’s acceleration. Then, since the acceleration is the complete differential 
coefficient of the velocity, of which v x , v r v x are the components, it follows at once from 
section 36, that 

/» (lVy 

= + V *« r z — V * m *> 

dv 

f^=- d i+ v ^-V x m r 


If we substitute in the last equations the values obtained for v x , v y , v z in the preceding 
section, we obtain 


+'— d * x xA 

dt* ** i it 




Zm y )n r y — — Zm x ) 




and similar formula; for f y and f z . 

These are the ordinary formulae. It would not be difficult to deduce their real 
meaning from their analytical form ; but it will be better first to prove the result of 
such interpretation in a different and more direct manner. 

39. We have already seen that, if V denote the particle’s absolute velocity, and It the 

dx dy ds 

radius vector, and if V, denote the relative velocity which has -j t for its compo- 


nents, then 


V=V I +det (12, R). 


Let then F denote the 


particle’s absolute acceleration, and let F, denote the particle’s 


relative acceleration which has 


d*x d*y d^z 
dt 2 ’ dt* * dt* 


for its components ; then 


F=D,( V)=D,(V,)+D, det (£2, K) (1.) 

Now it follows from the fundamental proposition in section 35, that 

D/V,)=F,+det (2, V,). 
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Moreover we know from section 28, that 

D, det (12, R)=det (D,(12), R)+det (12, D,(R)). 

But since D^RjrzrVrsVj-j-det (12, R), therefore 

det (12, D,(R))=det(12, V,)+det {12, det (12, R)f . 

Hence, collecting the above results, and substituting them in the equation (I.), we 
find 

F=F,+2 det (12, V,)+det (D,(12), R)-f det{12, det (12, ll )\ . 

It may be observed as to this formula, that if V, = 0, that is to say, if the particle had 
no relative motion, and moved as if rigidly connected with the axes of coordinates, then 
the two first terms of the last equation would vanish ; and therefore its other two terms 
are what the acceleration would be if the particle had no relative motion, and they 
represent what may therefore be conveniently termed the particle’s system-acceleration . 
French writers have given to this acceleration the name of “acceleration d’entrainement;” 
it is the acceleration of a point which is in the position of the moving particle, and 
which is supposed to be rigidly connected with the system of moving axes, and I there- 
fore propose to call it “ system-acceleration.” Using then this expression, we have the 
following proposition: — “The acceleration of a particle is equivalent. to its acceleration 
relatively to a system of axes revolving about a fixed point, together with the system- 
acceleration corresponding to the particle and together with an acceleration equal to 
2 det (12, V,), V, being the particle’s relative velocity, and 12 the axis about which the 
system is revolving at time t .” Or, more briefly, a particle’s absolute acceleration equals 
the complete sum of its relative acceleration and of its system-acceleration together with 
2 det (12, V,). Such is the brief expression of Cokioli’s beautiful and very useful pro- 
position concerning relative motion. 

40. We have just seen that the particle’s system-acceleration is compounded of 
det(D,(12), R) and det {12, det (12, R) J- . As regards the latter line, it is clear from 
section 30 that it is in the direction of the line drawn from the particle perpendicular 
to and towards the axis 12, and that its magnitude is ^p, p being the length of that per- 
pendicular. It is therefore equal and opposite to what is usually called “ the centrifugal 
force.” 

As regards the other line det (D,(12), R), it is of course at once determined as soon as 
D,(12) is kno^vn. Now if «r y , m z be the components of 12, it follows from the funda- 
mental proposition in section 35 that I)/(12) is equivalent to 

(£ II to O*) + II to O jr) + II to Oz) +det (Q, Q). 

But it is clear, from the very definition of a determinant, that det (12, 12) is zero. 
Hence we see that the components of D,(12) are This is an important pro- 

position often used in the dynamics of a rigid body, and generally proved by means of 
a good deal of analytical work. It is usually expressed in the following manner. If 

3 u 2 
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t2T n tZTg, fiT 3 be the compdhents of m along fixed axes, and nr x , «r y , m t be its components along 
moving axes whicHcoincide with the former at time t, then 

It is evident that this amounts to saying that D ( (12) has ^ y , for its components ; 


and we have just seen how that proposition follows at once from the fundamental 
theorem in section 35, and from the self-evident fact that D,(f2, Q)=0. 

41. Recapitulating then the results of the two last sections, we see that a particle’s 
system-acceleration is equivalent to det (D t (Q), R) minus the centrifugal force, and that 
the absolute acceleration of the particle is compounded of the relative acceleration of 
the particle, its system-acceleration, and 2 det (12, V,), V, being the particle’s relative 
velocity. 

If we now look back on the analytical expressions obtained in section 38 for the com- 
ponents of the absolute acceleration, it will be easy to see their full meaning. The 


expression is the component of the relative acceleration. The expression z — y 


is the component of det (D,(12), R), since, as we have seen, D,(12) has for its components 
< ~lf' ex P ress ^ on 2 * s ^ ie com P onen ^ of 2 det (12, V,), since V, 


has for its components 


dvr £ drsy 
~dt ’ ~dt 


dvt x 

dt' 


Finally, it may be easily shown by analytical geo- 


metry, that the expression 

{ym t — zm y )w y — (xm t — Zm x )m t 

is the component of the line or 8 jp drawn from the point (x, y, z ) on the line whose direc- 
tion-cosines are proportional to vr £ , sr y , er„ p being the length of that perpendicular. 
Hence it is manifest that the analytical formulae in question merely express the proposi- 
tion enunciated at the commencement of this section. 

It may, finally, be observed that the above results might also have been easily deduced 
from the formula in section 34 for the acceleration along the radius vector in exactly the 
same manner as the corresponding analytical formulae for the relative motion of a par- 
ticle in one plane were deduced in section 22 from the formula for the acceleration of 
the particle along the radius vector. 

42. If the origin of coordinates also moves, it is evident that the particle’s actual 
acceleration is the resultant of the acceleration of the origin and the acceleration rela- 
tively to the origin. Hence substituting for the latter acceleration the expression 
already found for it, it is easy to see that the particle’s actual acceleration is, as before, 
the resultant of the relative acceleration, an acceleration represented by 2 det *(12, V,), 
and the particle’s system-acceleration, but that the system-acceleration is now the 
resultant of the acceleration of the origin, and of the system-acceleration relatively to 
the origin, for which latter system-acceleration we have already obtained the expression. 
Now in whatever way a system moves, the motion may be decomposed into a motion of 
translation and a motion of rotation. Hence we see that a particle’s absolute accelera- 
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tion is in all cases the resultant of the relative acceleration, the system-acceleration, and 
an acceleration equal to 2 det(0, V), where Q is the axis about which the system is 
turning at* the time, and V is the relative velocity of the particle. 

This is the. most general form of Corioli’s theorem. 

43. One of the most important illustrations of the theory of relative motion is the 
motion of a heavy particle relatively to a system which revolves uniformly about a fixed 
axis ; for this includes the case of a falling body and the pendulum, where the earth’s 
motion is taken into account. 

Suppose then a particle of mass m to have for its actual weight W', and for its appa- 
rent weight W, so that a force — W would keep the particle in relative equilibrium or 

( W '\ /w\ 

-)■—(--) is equivalent to the particle’s system- 

acceleration. 

Let then the particle be acted on by a force P over and above the weight W', and let 
the particle’s actual acceleration be F, its relative acceleration F„ its system-acceleration 
F 2 . Then clearly 

But by Corioli’s theorem 

F=(F,)+(F,)+2 det (Q, V); 

/W'\ /W\ 

and we have just seen that the system-acceleration F a =( — ) — (— ). Hence it follows 
that 

(F,)+2 dot (a.V)= (?) + (£): (I.) 

is the apparent acceleration of gravity, and is generally denoted by g. 

44. The above formula is quite general ; but in most cases g may be considered as 
constant both in magnitude and direction, its direction being the vertical direction at the 
point of reference or origin. 

We have then the formula 

F. = (“) +(?) — 2 det (Q, V.) (II.) 


w 

m 


This simple formula enables us to solve easily all problems concerning the motion of 

a heavy particle relatively to a spectator on the earth. The formula shows that the 

relative acceleration is found, just as if the earth did not move, by substituting the 

apparent for the actual force of gravity, and by adding on a force — 2m det (O, V,), 

where V, is the particle’s apparent velocity. 

• • 

45. Let us take the vertical downwards as axis of z ; let the axis of xbe the horizontal 

line drawn from north to south, and let the axis of y be the horizontal line drawn from 
¥ 

fJQ g 

west to east. Then the equation to the earth’s axis is evidently — -=- — -, if X denote 

COS A 8111 A 

the latitude of the spectator’s position. 

Therefore «r # =tsr cos X, w„= 0, m t =m sin X. 
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Moreover we know that the components of det (12, V,) are 

dz dy . dy 

It m »~~di w sm K Jt ’ 


dx dz / dx . dz \ 

dt m ~It \Jt sin k ~7i i 008 7 ’ 

dy dx dy 

H m *~~~dt Br y= or cos * di‘ 


Let then the force P, which, besides gravity, acts on the particle, have for its 
components X, Y, Z, then, as F„ the relative acceleration, has for its components 
(fix dPy d*z 

d?*' dt*' Hi*' ^ evidently follows from equation (II.) of the preceding section, by revolving 
along the axes, that 


d*x X 

di* — m + 2r!T smx 


dy 
dt ’ 


d*y_ Y 
dt* m 



dx 

co sX ~i, 


sin K 



(Pz_ 

dt*~ 


Z 

Til 


~j -fj — 2x3" cos X 


dy 

dt 


) 


(in.) 


On multiplying these equations by 


dx dy dz 
It' Ht' dt 


respectively, and adding, we find 


dx d*x dy d*y dz d*z X dx Y dy Yt dz dz 

dt dt*'dt dt* ' dt dt * rn dt'm dt' in dt'H dt 


This equation may also at once be deduced from the formula (II.) if we resolve 
along the direction of the particle’s relative motion, and observe that det (12, V,) is per- 
pendicular on that direction which coincides with the direction of V,. 

By integrating the last equation, we see that the equation of ms viva applies to the 
particle’s relative motion just as if the particle’s relative motion were its actual motion, 
with this difference only, that for the actual force of gravity the apparent force of gravity 
must be substituted. 

If the particle be a free particle acted on by no forces but gravity, then X=0, Y=0, 
Z=0, and the equations (III.) are linear, and are therefore easily integrated. 

Moreover if v, be the relative velocity, the equation of vis viva gives 

t)*=2y(2— A), h being a constant. 

46. If the particle be suspended by a string from a point fixed to the earth, then if 
that point be taken as the origin, and X, Y, Z be the components of the string’s tension, 
we evidently have Zy — Yz=0, Xz — Z#=0, Yx — Xy=0 ; and substituting those values in 
the preceding equations (III.), we shall obtain two independent equations, which, together 
with the equation £ a -fy+ z*=a constant, will determine the particle’s relative motion. 
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But those resulting equations can be found far more simply and directly in the following 
manner. 

For this, purpose let us revert to the fundamental formula 

F -=©+(?)- 2det ( Q ’ V ) <!•) 

Now section 30 of Chapter II. shows us how to find the moment-axis with respect to 
the origin of det (£2, V). If, namely, m and v be the magnitudes of £2 and V, and <p be 
the angle between £2 and the radius vector, then the moment-axis of det (£2, V) is 

— mvr cos <p. Therefore the moment about the axis of # of — 2 det (£2, V) is 2mr cos <p 


and similarly, its moments about the axis of y and z are respectively 2tot cos and 


d>Z 


2 wr cos <p Moreover, since <p is the angle between the radius vector and £2, it is evident 


that 

tot cos <p=z7 3 x-\-m s y-\-vj s z=m(x cos X-f-z sin X), 

X being the latitude of the origin. 

Let us now take the moments of about the axes of coordinates, and equate them to 
the moments of those components of F, which are given in the formula (I.). 

p 

The moments of — about the axes are zero in tln3 case of the pendulum. The 


moments of g about the axes of x. y, and z are respectively^, —gx, and 0; and the 
moments of — 2 det (£2, V) we have just found. Hence we obtain at once the following 
three equations : — 

^2 /v d^ii doc ^ 

y-dT*- z dt*= ^-(tfcosX+zsinA), 


cPx d 2 z 

Z dF~ X ~dt*— 


—gx-\-2rs ~ (x cos "K-\-z sin X), 


(II.) 


cPy dPx 

x w>-yir*= 


dz 


2 to ^ (x cos X+ z sin X). 


/ 


These are the three equations given in Hansen’s elaborate ‘ Theorie der Pendel- 
Bewegung,’ and which are generally obtained by means of very complicated analysis. 

One simple equation can be deduced by means of the proposition contained in section 
4'6 ; for the principle of vis viva gives 

> (s)’+ (t)’+ (%y=W*)+* constant. 

Moreover #*H-y s + 3 s is a constant, and these two equations, combined with any one of 
the equations (II.), determine the particle’s motion. 
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Chapter IV. 

47. As soon as we pass frQm the statics or dynamics of a particle to the statics or 
dynamics of a system of particles or of a rigid body, we find that two forces which are 
equal and parallel to one another are not equivalent to one another, and that we have 
to take into account the position as well as the magnitude and direction of a force. 
Notwithstanding this, we are enabled by means of an elementary principle of statics to 
confine our operation and our notation to lines passing through one- and the same point. 
For suppose a force P to act at a point m of a rigid body, and apply at the origin O two 
equal and opposite forces P and — P, then P at m is equivalent to P at O and the couple 
whose forces are P at m and — P at O. Let the axis of this couple be denoted by G ; 
the couple, being completely determined by G, may be called the couple G. It is 
extremely convenient to have a name for the line G, indicating briefly its connexion with 
the force P at m, and I shall adopt that given to it by French writers*, and shall call G 
the moment-axis about O of the force P at m. 

It has been proved in section 25 of Chapter II., that the line (I, being the axis of the 
couple whose forces are — P at O and P at m, is equal to det( — P, It), where It is the 
radius vector of the particle. Hence we have 

G=det(— P, R)=det (R, P). 

We thus sec that the force P at m is completely represented and determined by the 
two lines P and G drawn from the origin, G being the moment-axis with respect to the 
origin of P at m, and being equal to det (R, P). 

48. Suppose now that we have a system of forces P„ P a , &c. acting respectively at 
points m„ m a , &c. of a rigid body. Then it is clear from statics that the given system 
of foTccs is equivalent to a force P at the origin O and a couple whose axis is G, where 
P is the complete sum of the forces P„ P a , &c. supposed to be collected at the origin, 
and G is the complete sum of the moment-axes (G„ G a , &c.) (about the origin) of the 
forces P, at m„ P a at m a , &c. 

49. We will now apply the above considerations to dynamics. Since the acceleration 
is the complete differential coefficient of the velocity, it is evident that the line which 
represents the moving force of the particle is the complete differential coefficient of the 
line which represents the particle’s momentum ; or, more briefly, the moving force is the 
complete differential coefficient of the momentum. 

Let now P represent the moving force, and U the momentum of a particle m, P and 
U denoting straight lines ; then, if we treat the moving force and momentum as if they, 
were statical forces, it is clear that P at m is equivalent to P at the origin O and a 
couple G, where G is the moment-axis about O of P at m ; and similarly, the momentum 
U at m is equivalent to U at O and a couple of momenta whose axis is H, where H is 
the moment-axis about O of U at m. We have just seen that P is the complete differ- 
ential coefficient of U, and we will now prove that in like manner G is the complete 

* See Delaunay’s ‘ Mechanics,’ page 254. 



AND DETERMINANTS OF LINES. 


493 


differential coefficient of H. If, namely, II denotes the radius vector of the particle, 
G=dct (R, P), and similarly H=det (R, U). Now, if we differentiate the last equation, 
II=det(R, U), we obtain, according to section 28, 

D t (H)=det (R, D,(U))+det (D,(R), U) (I.) 

But D,(R) is identical with the particle’s velocity, and is therefore in the direction of 
the momentum U. Whence it follows, from the very definition of a determinant, that 

dot (D,(R), U)=0. 

Therefore the above equation (I.) becomes, since I),(U)=P, 

D,(II)=det (R, D,(U))=det (R, P)=G. 

This is an important result. It shows that the moment-axis about any point of the 
moving force of a particle is the complete differential coefficient of the momentum, and 
that therefore the moment of the moving force about, any line is the differential coefficient 
of the moment of the momentum. 

The above result may also be easily deduced from the identical equation 

d*i/ (Px d / di / dx\ 

x w-y w i = jt [f dt ~y dt)' 

50. The proposition which we have just proved may be easily extended to a system 
of moving forces and momenta of the particles of a rigid body. For, according to section 
43, the system of moving forces is reducible to a moving force at the origin O, and a 
couple G. And the system of momenta may be similarly reduced to a momentum U, 
and a momentum-couple whose axis is H. Now we have seen that P is the complete 
sum of the moving forces, and that each moving force is the complete differential coeffi- 
cient of the corresponding momentum. It therefore evidently follows that P is the 
complete differential coefficient of the complete sum of the momenta, or of U. Hence 
P=]) < (U). Moreover we have seen that G is the complete sum of the moment- 
axes about O of the moving forces, and that each of these moment-axes is the complete 
differential coefficient of the moment-axis of the corresponding momentum. Hence it 
follows that G is the complete differential coefficient of the complete sum of the moment- 
axes of the momenta. Hence G=D,(H). 

This result may be also easily proved by means of the identical equations 

/ a' 2 x\ d ^ ( dx\ 

/ dty d q x\ d v / dy dx\ 

%m jgs —y dl i ) — dt d t y dt)' 

51. The science of the dynamics of a rigid body is founded upon D’Alembert’s prin- 
ciple, which asserts that the moving forces of a body’s particles are together statically 
equivalent to the impressed forces acting on the body. If therefore these external forces 
be reduced to a force P at the origin O and a couple G, then P and G are equal 
mdccclxii. 3 z 
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respectively to what was denoted in the preceding section by P and G ; and we have 
therefore 

*P=D,(U), G=D,(H). 

In other words, if we treat the momenta as statical forces, and reduce the system of 
momenta of a body’s particles to a momentum U at O and a momentum-couple whose 
axis is G, then the external forces acting on the body are equivalent to the force D t (U) 
at O and the couple of forces whose axis is D t (H). 

Since G=D,(II), the resolved part of G along any fixed line will be the differential 
coefficient of the resolved part of H along that line ; or, in other words, the sum of the 
moments of the external forces about any line equals the differential coefficient of the 
sum of the moments of the momenta of the body’s particles. 

The above results may be easily deduced from the ordinary equations 

2(Zy-Y*)=2 »(£ jr-§») =i 2™ (£*- J»). 

But it will be generally found far better not to use those six equations at all, and 
simply to bear in mind the fact which they alone express, namely, that P=D,(U), 
G=D,(H). 

52. It will be convenient to recapitulate once for all the notation and phraseology I 
shall constantly use in the sequel. The system of momenta of a body’s particles, or 
what may be called the body's momenta-system , is reducible, if we treat the momenta as 
forces, to a momentum at a point O, and a couple of momenta. The former I call the 
body's momentum , and denote it by U ; the latter I call the body's momentum-couple about 
O, and denote its axis by H. U and H may both be represented by straight lines 
through the origin O. It is to be observed that U remains the same wherever O be 
taken, but that H changes with the position of O. 

The components of U and II along the axes of coordinates will be denoted by 
IT,, U y , U*, H„ H y , II, respectively, the magnitudes of all these quantities being repre- 
sented by the corresponding small letters. Thus A, will be equal to the resolved part of 
H along the axis Oar, and will therefore equal the sum of the moments of the momenta 
about Ox. 

The system of moving forces is reducible to a moving force D,(U) at O, and a couple 
whose axis is D,(H) ; and it follows from D’Alembert’s principle that, if the external 
forces be reduced to a force P at O and a couple G, then 

P=D t (U), G=D,(H). 

53. The next step will be to investigate the expressions for U and H. 

In the first place, U can be easily found. For, let R denote the radius vector of a par- 
ticle of mass m; then, if 2 denote the operation of taking the complete sum of lines, we have 

U=2mD,(R) 

=D£(mR). 
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Now, by a well-known proposition, it is evident that 2r(»tR)=MR, where M is the mass 
of the body and R is the radius of the body’s centre of gravity. Hence 

U=MD,(R); 

and therefore, if V denote the velocity of the centre of gravity in magnitude and direction, 
U=MV, or, in other words, U, the body's momentum , is the momentum of the body's mass 
collected at the body's centre of gravity. 

54. In the next' place we have to find II. The investigation will be very much 
facilitated by the following consideration. A body’s motion is said to be compounded 
of motions a, /3, y, if the velocity of each of the body’s particles may be considered, as 
the resultant of the respective velocities due to the motions of a, /3, y separately. In 
such case the momentum of a particle will evidently be the resultant of the momenta 
due to each of the motions a, (3, y separately ; and since the resultant of the momenta 
of all the particles will be the same in whatever way we group them together, it is 
evident that we have the following proposition : — 

“ The resultant of the momenta of a body’s particles, or the body’s momenta-system, is 
the resultant of the momenta-systems due to each of the motions «, /3, y.” 

Thus a body’s motion may be decomposed into a motion of rotation and translation. 
Hence the body’s momenta-system may be found by compounding the momenta-system 
due to the motion of rotation with that due to the motion of translation. 

Again, a motion of rotation may be decomposed into rotations about three axes. 
Hence the momenta-system of a body which rotates about a fixed point is the resultant 
of the momenta-systems respectively due to the separate motions of rotation about the 
three axes. 

55. Let us then first investigate II for a body having simply a motion of translation. 

Let v be the velocity of translation in the direction of a line AB at time t, then the 

momentum of a particle of mass m is mv in the direction of AB. Hence the momenta- 
system consists of a number of momenta parallel to one another, and proportional to the 
masses of the respective particles. Their resultant is therefore Mw at the centre of 
gravity, M being the body’s mass. Hence the momenta-system is reducible to My at 
the centre of gravity. Therefore II, the axis of the body’s momentum-couple about O, 
is the moment-axis about O of My at the centre of gravity, and is zero, if the point O 
coincides with the centre of gravity. In the latter case, since II =0, therefore D < (H)=0, 
therefore G=0, or the moment of the external forces about any line through the centre 
of gravity is zero for a body which has simply a motion of translation. 

66. The next simplest case is that of a body rotating about a line. Take that line as " 
axis of z, and suppose the body of mass M to be revolving at time t about that line with 
angular velocity nr. It may be easily shown in the ordinary way, that the sum of the 
moments of the momenta about the axes of x t y, z are respectively ‘ 

—w%(tnxz), — mX(myz), 

3x2 
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So that, using the notation of section 52, we have 

’ h x — -vs%(mxz), h y —-wt(myz), h t =vs%(mr*). • 

If the axis of z be a principal axis, we have 

%(mxz)=0, 2 (mys)= 0 , 

therefore 

h x = 0, A y =0, h. = n s%(mr 2 ) ; 

and consequently II is a line in the direction of Cte, and equal to the product of vs and 
the moment of inertia about Qz. 

57. If the axis about which the body rotates is neither a fixed line nor a principal 
axis, it is more convenient to express H, the body’s momentum-couple, in the following 
manner. 

The body’s rotation about the point O may be considered as compounded of motions 
of rotation about the principal axes at 0. Let (a) 1 ^ TEJ 2 ) W 3 be the angular velocities of those 
component rotations, and let A, B, C be the respective moments of inertia about the 
principal axes. We have shown in the preceding section that the body’s momentum- 
couples due to the three separate rotations about the principal axes would have for their 
respective axes lines along the principal axes and equal to A vs u B«r 2 , Cvs 3 . It follows, 
therefore, from section 54, that II, the body’s momentum-couple, is the resultant of the 
three couples, whose axes are repcctivcly Act,, B*t 2 , Cvr 3 . In other words, H, the axis of 
the body’s momentum-couple, has Asr„ Bot 2 , Cvs 3 for its components along the principal 
axes. 

58. The results of the last two sections may be also proved in the following more 
direct manner. 

Take any rectangular axes as axes of coordinates. Let vs x , vs y , vs z be the components, 
along those axes, of the body’s angular velocity of rotation. Let v# v y , v z be the compo- 
nents of the velocity of a particle of mass m, whose coordinates are x, y, z. 

If then h x , h y , h e be the components of II, we have 

h x — %m(yv t —zv y ). 

But V.—yvs x — Xvs y , V y —Xvs z — Zvs x , 

Therefore h x =vs x %m(y 2 +z 2 ) — vs y %(myx) — vs,X(mxz). 

If, then, the moments of inertia about the axes of x, y, z be denoted by A, B, C respect- 
ively, and if we denote 2 {myz) by A', l(mxz) by B', %{myx) by C', the last equation 
becomes 

h x — Avr x — C'vr y — B'ta r t ; 
and similarly, h y = ¥>m y —A'vr z — C'vs x , 

h t =Cvr t — BWj,— AWj. 

These results are true, whatever rectangular axes of coordinates be taken ; but if they 
be principal axes, then A'=0, B'=0, C'=0, and therefore we have, as before, 

h x =Avs x , h y = Bor,, h t =Cvs e . 



AND DETERMINANTS OF LINES. 


497 


59. We are now in a condition to solve easily the problem of the motion of a body 
rotating about a fixed line, or about a fixed point under the action of any forces. 

First, let us take the case of a body of mass M revolving about a fixed line. Take 
that line as axis of z , and choose for the axes of x and y any lines fixed in the body 
which are perpendicular to one another and to 0 z. 

It was proved in section 52 that II, the axis of the body’s momentum-couple, has for 
its components 

h x — —vr%(mxz), h y = —zv'S(myz), h z = M^V, (I.) 

M# 2 standing for the moment of inertia about Oz. 

Moreover we know from section 48 that U, the body’s momentum, is MV, where V 
is the velocity of the centre of gravity. Now if x, y, z be the coordinates of the centre 
of gravity, V has evidently for its projections on Ox, Oy, Oz, — vry, mx, 0 respectively. 
Hence the components of U are equal to 

U x =—Mnry, u y =Mmx, u z = 0; (IT.) 

knowing, then, the components of U and H, we can easily find the components of 14,(11) 
and D,(H). Using the notation of section 52, P=D,(U) and G=D,(H), and the com- 
ponents of P and G may be denoted by P x , P y , P 2 , and G x , G y , G. respectively. 

In the problem now before us, the axis of z does not move ; hence evidently 

r ■=£(«.) and G (III.) 


But as to the axes of x and y, they revolve about the axis of z with an angular velocity 
tsr at time t. Hence by the elementary formula} of section 18 in Chapter I., we have 


d d \ 

^*~dt M—V’ V y~dt 

Similarly, 

<*.=*(*.)-**-. 6,=aW+M. , 


• • (iv.) 


Let, then, external forces acting on the body be reduced to a force at O whose compo- 
nents are X, Y, Z, and to a couple the components of whose axis are L, M, N. Let 
the reactions of the fixed axis be similarly reduced to a force whose components are 
X', Y', Z', and to a couple the components of whose axis are L', M'. Then, by D’Alem- 
bert’s principle, 

X+X=P., &c., 

L + L'=G„ &c. 

Therefore, substituting the values (I.) and (II.) in equations (HI.) and (IV.), we obtain . 
the following six equations : — 

X+X'= -My ^-M^x, 


Y+Y'= M XY t -Mm*y, 
Z+Z'= 0, 
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♦ 


L+L' = — 2 (mxz) - dt +or *2(myz), 
M+M'= - 2 {myz) d j t -*r s 2 {mxz). 



Uk 3 


dvt 

dt 


These six equations are those ordinarily given in text-books, and their full import and 
meaning is now apparent. The first three have for their right-hand members the com- 
ponents of D/(U), where U has for its components —Mery, MwJ, 0. 

The last three have for their right-hand members the components of D,(H), where 
H has for its components — m'$(mxz), —ml {myz), M£V. And the six equations are at 
once obtained by applying the elementary formulee of section 18. 

60. It is, however, in the solution of problems, far better to avoid using those six 
equations, and simply to remember that the body’s momentum U is Mwr in the direction 
of the velocity of the centre of gravity (r being its distance from the axis), and that the 
body’s momentum-couple H has for its components — bt2 (mxz), — vrS^myz), and M#V. 
Then the complete differential coefficients of U and II can be found at once according to 
the ordinary rules ; and those complete differential coefficients are by D’At.embert’s 
principle respectively identical with the foree and the axis of the couple to which the 
forces acting on the body may be reduced. 

Take for. example the following well-known problem: — 

“ Under what circumstances will there be no pressure on the fixed axis, supposing no 
external forces to act on the body 1 ” 

Since there are no external forces nor pressures which act on the body, it follows that 
D,(U) and D,(II) must each equal zero. Therefore U and H are lines of constant mag- 
nitude and direction. Now the direction of U is that of the velocity of the centre of 
gravity, and would therefore vary, unless the centre of gravity were at rest. Hence the 
first condition is that the fixed axis passes through the centre of gravity. 

Again, since H is a line of constant length and direction, its components along and 
perpendicular to the fixed axis Oz must be lines of constant length and direction. 
Hence must be constant. Therefore w is constant, or the body revolves with 

uniform angular velocity. 

Moreover the components of II perpendicular to Oz are h x — — vrSAmxz), h y — — vr%(myz); 
and we have just seen that the resultant of these two components must be a line of 
constant length and direction. But as «r is constant, it is clear that that resultant has 
always the same components along the variable axes of x and y, and would therefore 
move with the latter, unless those components were always zero. Ilence the second 
condition is that X(mxz)—0, %(myz)= 0 ; in other words, the fixed axis must be a prin- 
cipal axis. It is evident also that the two conditions are sufficient, for they make H and 
U constant lines, and therefore they make D,(H) and D,(U) vanish, and consequently, 
by D’Alembert’s principle, there are no forces acting on the body. 
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61. We now come to the case of a body moving about a fixed point O. Let or be, at 
time t, the angular velocity about the instantaneous axis, let A, B, C be the moments of 
inertia about the principal axes at O, and let er x , m y , vr c be the components of nr along 
these axes. 

H, the axis of the body’s momentum-couple about O, has, we have already seen, for 
its components 

h x —Avr x , h y =V>w y , h t =Cnr r 

If, then, wc denote by Q the instantaneous axis, we know, from the fundamental propo- 
sitions in sections 35 and 36, that D t (II) is equivalent to ~ || to Ox, || to C )y, 

|| to O z, together with the determinant of 12 to II, Q denoting the instantaneous axis ; 

and moreover, that this determinant has for its components 

h t nr y —k y m g , or (C— B)nr y nr z parallel to Ox; 
h x nr,—h 3 nr x , or (A—C)nr x nr z parallel to Oy ; 
h y nr x —h x nr y , or {TS—A)m y vr x parallel to Oz. 

Therefore the components of D,(H) are 

B rf ^*+(A— C)sr,tir„ 

C^+(B-AK«,. 

But by D’Alembert’s principle 1),(H) is the same as G, the axis of the couple result- 
ing from the external forces. If, therefore, L, M, N be the components of G, L, M, N 
must be respectively equal to the components of D,(H). Hence we have 

I,=A^*+(C-BK^ 

M=B^+(A-C 
N=C^+(B-AK«, , 

We thus see that these well-known equations of Euler are found at once by resolving 
D,(H) along the principal axes, where H is the axis of the body’s momentum-couple 
and has Anr m , Bor,,, Om t for its components, and that they merely express the fact that G, 
the resultant of L, M, N, is identical with D t (H). 

62. The theory of the motion of a body about a fixed point can be more simply inves- 
tigated, and the problems connected with that theory can generally be more easily solved, 
by merely bearing in mind that G=D,(H) than by using Euler’s equations, which 
merely express that fact in one particular form ; for that form is not always the most 
convenient form, and is in all cases apt to conceal the fact which it embodies. 
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Take, for instance, the problem of a body rotating about a fixed* point, no external 
forces acting on it. Here l3,(II)=^0, therefore II is a line of constant length and direc- 
tion. The motion of the body must therefore entirely depend upon the fact that, whilst 
the body moves about the principal axes with angular velocities ot x , vr y , nr t , the line II, whose 
projections on those axes are respectively Am x , Bar y , Cm t , remains throughout the body’s 
motion the same in magnitude and direction. 

The length of II is evidently A V* + B*«r“ + C V*. But the length of II is constant, 

say equal to h. Therefore 

avh-bv;+cv=/i j (I.) 

Moreover, from section 35, we see that D,(H) is equivalent to A — || to Ox, 

uc 

B ‘-j* || to 0 y, C [| to O^, together with det (£2, II) ; and since the last line det (£2, H) 

dt (it 

is perpendicular on the instantaneous axis £2, it follows that the resolved part of D,(II) 
along the instantaneous axis equals 

Wj. Y dl!T x | ■c Ty Jg dvs,, | CT. £ dzr, 
vr dt ct dt •or dt ’ 

But this must equal zero, since D t (Il) equals zero, and since consequently its resolved 
part along any line is zero. Hence we have 

Therefore 

Avj]. + Bbt^ + C sri! is constant, equal, say, to k* (II.) 

We have already seen that II is a line of constant direction ; and since its direction- 
cosines are proportional to Ato- x , Bcr y , Qm z , it follows that the plane whose moment has 
direction-cosines which arc proportional to the last three quantities is a fixed plane. 
This plane is the invariable plane. From this fact and the two equations (I.) and (II.), 
Poinsot’s celebrated illustration of the motion of a body which rotates about a fixed 
point may be easily deduced in the ordinary manner ; but it is unnecessary to discuss 
the problem further, as it must be already sufficiently apparent that the body’s motion 
entirely depends upon the fact that H is a line of fixed length and direction. 

63. On looking at Euler’s equations, we find that, when A=B=C, they take the 
simple form 

r A dvr x 

L A dt' 

M=B rf ®>, 

dth 

N=C^ e . 

dt 

Moreover, when only A=B, then the third of Euler’s equations becomes N=0^-'. 
It may be interesting to trace the real meaning of these results. 
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•Let, as before, G be the resultant of L, M, N, and let H be the axis of the body’s 
momentum-couple about the fixed point, and let Q represent the instantaneous axis. 

Then G=D < (H), and D,(H) is equivalent to A || to O#, || to Oy, C || to Oz, 

together with det (12, H). 

Now, if A=B=C, then H, which has for its components Anr x , B«r y , C vr e , evidently coin- 
cides in direction with 12, which has for its components m x , cr y , *r t . Therefore it follows, 
from the very definition of a determinant, that det (12, H)=0. It is therefore because 

det (12, H)=0 when A=B=C, that the components of B<(H) are simply A B 

at at 

j 

C and that Euler’s equations take so simple a form. 

Secondly, suppose only A=B. It is evident, from what has been just said, that 

N=C ^- r +the resolved part along O z of det (12, H). Now the equation to the line H is 

x y s 
Aw x B«r y Cut/ 

If then A=B, the projection of PI on the plane of xy evidently coincides with the 
projection of 12 on that plane. Therefore the lines II, 12, and the axis of z lie in the 
same plane. Hence it follows that the line det (12, II), which by definition is perpendi- 
cular on 12 and on H, is also perpendicular on the axis of z, and has therefore no com- 
ponent along that axis. We thus see that the reason why N when A— B, is 

that in that case det (12, H) is perpendicular to the axis of z. 

64. In those cases in which there are more sets than one of principal axes at the fixed 
point, it is sometimes convenient to take moments about a set of principal axes, which 
are not fixed in the body. 

There is no difficulty in applying the same method to such cases. Let nr x , ur y , «r r be 
the angular velocities of the body about the principal axes Ox, Oy, O z, and suppose those 
axes not to move with the body as if rigidly connected with it, but to move at time t about 
an instantaneous axis 12' with an angular velocity equal to the length of 12', and let the 
components of 12' along the principal axes be m x , cr y , or'.. 

Let H, as before, represent the body’s momentum-couple. We have seen that II has 
for its components 

h x —Anr x , A y = B«r y , h s —Qra t . 

Therefore, according to the fundamental proposition in section 35, D,(H) is equivalent 
to 2i ( Awr «) I! to Jt ( Bar r) II to Qy> It ( Ctsr «) II to ° z ’ togetherwith det(12', H); and looking 

at the formulae of section 36, we see that det (12', II) has for its components 

Car,«r y — Bvr y sr' t parallel to 0#, 

A vrjar'z — Cm e nr' x parallel to Oy, 

B«r y «r^— A«r a w y parallel to O z. 

3 Y 
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Therefore, if L be the moments of inertia of the forces about the principal axes, we 
have by D’Alembert’s principle, 

L= J (Anr x ) + CvT'W, — Bar,**;, 

M=^ (Bcr y )-f A ct,®, — Car,^, 

N=^ ( Cnr t ) + — Asx*fjr y . 

It is clear that, when there is more than one set of principal axes at the fixed point, 
either all three or at least two of the quantities A, B, C must be equal to one another. 
Suppose then A=B, then the axis of z, O z is fixed in the body, and therefore w* and wj 
are clearly the same as w* and vr r And the last equations, therefore, become 

L=A^-'+^C m .-A«;), 

m=a^+^,(a ot ;-cw,), 

N=C^'. 

dt 

If we put sr*=cr*-|-^, the above equations become the same as those which are given 

in Routh’s ‘Dynamics,’ page 134, where they are deduced from Euler’s equations. 

65. To the above equations, however, the same remark applies as has already been 
made with regard to Euler’s equations. They merely express the fact that D,(H) has 
L, M, N for its components ; and it is far better in most problems to start with that 
simple fact, and, without using those equations, to choose any axes which the nature of 
the problem may suggest. 

Take, for instance, the problem of the top spinning upon a per- 
fectly rough plane. 

Let O be the fixed point, g the top’s centre of gravity. Take O g 
as axis of z. Draw O a vertically, and take as axis of a? a line per- 
pendicular to O z and in the plane zO a, and take as axis of y a line 
perpendicular on the planes Or, and therefore perpendicular onOy. 

The axes of coordinates are evidently principal axes. 

The components of II, which determines the body’s momentum-couple, are A or,, Bsr,, 
Cw t , ot x , w, being the angular velocities about the principal axes, and A being the 
moment of inertia about O x and about O y, and C being the moment of inertia about O g. 
We have chosen O g so as to be perpendicular on plane a O x ; consequently the resolved 
part of H along O a is the sum of the resolved parts of Aw,, and equals therefore, if 
we denote angle a O z by 0, 

— Am x sin Cvr t cos 6. 

Moreover, since O a has a fixed direction, the differential coefficient of the last expres- 
sion is evidently the resolved part along Oa of D,(H). But this must equal zero by 
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D’Alembert’s principle, since there are no forces acting on the top which have any 
moments about the vertical. Hence we have 


Therefore 


d_ 

dt 


(Car, cos 6 — Aw x sin 6 ) =0 


(I.) 


Czf e cos 6—At3 x sin 6 is constant 

Moreover, since two of the principal moments of inertia are equal to one another, it 
follows from section 58 that the sum of the moments of the external forces about Oz, 

the axis of unequal moment of inertia, is equal to C Hence, as the forces have no 

CLv 

moment about Oz, we have C^jp=0. Therefore ts z is constant. This relation, together 

with the equation (I.) and the equation of vis viva, solve the problem. We, namely, 
obtain the three equations 

Car* cos 0 — Aar* sin 6 ~h, 


73, = a, 

Aw£+A-arJ+Car*= __ 2gb cos 6-\-C, 
where b=Og, and c is some constant. 

66. In some few cases it may be convenient to take moments about lines which are 
fixed in the body but which are not principal axes. Let then H have for its components 
along the rectangular axes of coordinates h x , h s , h, respectively, then we know, from 
section 53, that 

h x = Aar x — B'ar* — C f sr y , where A <=X{myz), 

A,=Bar y — C'nr x — A'ar z , B'=X(mxz), 

h t =Czt e — A'sr y — B'ar g , O =%(myx). 

Therefore, if L, M, N be the moments of the forces about the axes, we have, as before, 

L=-^+A«ar y — A y ar t , 


M=^+A x ar x — h,73 x , 

N=§+V x -/ ix ar y . 

If, on the other hand, the axes of Ox, Oy, Oz are not fixed in the body, but rotate with 
an angular velocity whose components are sr x , 73 t , then we have, in a similar manner, 

1 j=~^J r h t 73 y — h y i v' K , &c. 

The above equations are somewhat more general than those given by Liouville in 
his Journal of 1868, and are, as we have just seen, at once obtained by applying the 
fundamental formulae of section 36. 

67. I will now show how the principle of vis vim may be easily proved for a body 

3 t 2 
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moving about a fixed point without assuming the principle of virtual velocities, and is in 
fact a very simple deduction from D’Alembert’s principle. 

Let O i be the instantaneous axis, about which the body is rotating 
at time tf'with an angular velocity tar. Letm be a particle of the body, 
let its mass be m, its distance from 0 i, r, and its velocity v in the 


s 

r_J^' 


direction mn. 0 

Suppose now a force P to act at m. Then, since mn is perpendicular on the plane 
iOm, it is clear from statics that the moment of P about O i is the moment of the 
resolved part of P along mn. It is therefore, if <p be the angle which the direction of P 


makes with m n, equal to rP cos <p, or - P cos <p. 


Suppose then P to be the moving force of the particle m. Then its resolved part 
along the velocity m n is of course m so that P cos and therefore the moment 

of the moving force about O i equals m Consequently the sum of the moments of 


the moving forces about O i equals ^ % (mv But this sum, by D’Alembert’s prin- 
ciple, equals the sum of the moments of the external forces about O i. Now we have 
already seen that the moment of any force P about O i is - P cos <p, so that, if P represent 
an external force acting on the body, the sum of the moments about O i of the forces 
acting on the body equals ^ 2 (Ptf cos <p). Hence we have 


i2(Piicosf)=i2 (mvjJ- 

Therefore 

X (mv a ) = 2 jdtX (Pa cos <p). 

This equation embodies the principle of vis viva ; for it is evident that, if the compo- 
nents of P be X, Y, Z, then 

P»cos?=X s +Y s +Z- tf 

68. The same result may also be obtained by analysis ; and it may be worth while to 
notice that each step in the analytical proof is exactly equivalent to the corresponding 
step in the above geometrical proof. This correspondence between the steps in analytical 
and geometrical demonstrations is one of the most striking features of modem analytical 
geometry, and would, as we have already attempted to show, present itself generally in 
analytical mechanics, if more attention were paid to the interpretation of the equations 
and formulae which are employed. 

The analytical proof is as follows : — 

Let X, Y, Z be the components of any one of the forces acting on the body, and sup- 
pose that force to act at a point ( x , y, z) of mass m. Let w x , w y , w t be the angular velocities 
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of rotation about the axes of coordinates, which are here supposed to be fixed in space. 
Then it is clear that 

dx dy dz 

di~ zw »~y w " di =xm *~~ zrsT *’ j t —y™*—xw v 

Therefore 

s( x £+ y t+ z t) 

may be put into the form 

2 (Xar- Za?)«r,+S(Yar-Xy)«r,+S(Zy- Yz>, (I.) 

But, by D’Alembert’s principle, 


2(Y 

2(Zy-Y *)-a»(sTj-gr*). 


Substituting these expressions in (I.), we obtain 

<*** \ , v /d*y \ , v (<Pz dhj \ 

~ m (dt s ~~dt i ~ x ) ^ m \dt 2 x ~dt 2 y) ~* m [dt 2 y-di* z )* 

which again can be put into the form 

/ <2 2 y dy d*z dz\ 

= ^ m [d? dt^dt* dt + ~dt dt )' 


Hence it follows that 


v /v ^ i v ^4-7 -5m 

- dt + 1 dt + /j a J — dt +</* s rff ; > 


and therefore 


S»((af)’+ (|) + (§)’) =2j^X*+Yrfy+Z*), 


which is the equation of m vimz. 

It may be observed that the same proof may be quite easily extended to a body moving 
freely, by decomposing the original motion into a motion of translation with the velocity 
of the centre of gravity and a rotation about the centre of gravity. 

69. The two proofs which have just been given of the principle of vis viva are both 
founded on the fact that the sum of the moments of the moving forces of the body’s 

particles about the instantaneous axis is equal to ^ 2 ^ mv or to ^.^2 (mv*). This 
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fact is the reason why the equations of vis viva can be obtained by multiplying Euler’s 
three equations by t*,, v, respectively, and by adding together the products so 
obtained ; for in performing those operations we are in reality finding the sum of the 
moments of the forces about the instantaneous axis whose direction-cosines are 

“tDTjj tSTy 

tsr ’ «• 1 «r ’ 

70. If G, be the sum of the moments of the impressed forces about the instantaneous 
axis, then by D’Alembert’s principle G, equals the sum of the moments of the moving 
forces about the instantaneous axis. Hence it follows from the preceding section that 

G ‘=s 

This equation is often useful. 

For instance, since 2(wv 3 )=2(wwV), where ? is the distance of a particle from the 
instantaneous axis, it follows that 2(?mr l )=Isr a if I denote the body’s moment of inertia 
at)out the instantaneous axis. Therefore 

G >=rJw 

dvr vrdl 

— ~di +2ar 


Now, if the instantaneous axis were fixed in space, we should evidently have 




Therefore the only cases in which wc can take moments about the instantaneous axis 

as if it were fixed in space are when ^ ^=0, or when the moment of inertia about the 

instantaneous axis is constant. This proposition is useful in solving problems concerning 
rolling cones, and is usually deduced by analysis from Euler’s equations. 

71. I will give two more examples of the advantage of the method I have employed 
in these pages. 

Let «r x , cr y , tr e be the angular velocities of rotation of a body about three rectangular 
axes which are fixed in and move with the body, and let a , #, c be the direction-cosines 
with respect to those axes of a line which is fixed in space. Take on the latter line a 
ypint P at a unit of distance from the origin. The velocity of the fixed point P is zero. 
Now, as its components along the moving axes are a, b, c respectively, it follows from one 
of our elementary propositions that 


Jt \+cw,—bw. 


equals the component of P’s velocity along Oar, and therefore equals zero. 



AND DETERMINANTS OF LINES. 


607 


Hence 


da . 

j t z=b* t —Cw,, 


a formula which is generally deduced as the result of somewhat long analytical work. 

72. Secondly, in order to give a striking example of the manner in which the theory 
of the determinants of lines explains and shortens analytical processes, I will give the 
following direct proof of Euler’s equations. , 

Take the principal axes at the fixed point as the axes of coordinates. Let v x , v t , v t be 
the components of the velocity V, and f r f, those of the acceleration F of a particle 
(x, y, z) of mass m. 

We have seen that the fact of the acceleration being the complete differential coeffi- 
cient of the velocity leads at once to the three following equations : — 


n dv x - \ 

/» * 



Putting then for brevity’s sake f x for v x vr r — for v x & x —v z rs x ,f' t for v s vr x —v x m yy 
wc have 


■f — dVxjtf 
x> 

f— dv » 4_f' 

Jr— 


( 2 .) 


* 

Now the sum of the moments of the moving forces about Ox equals 

2w(/ £ y-/^)=2m^~ e y— ^ s) -\-'Em(f' l y-f y z) .... (3.) 

Let us first investigate the expression y— ^ Evidently 

v e —ym x — xm y , and v y —xw t — zm# 

And as the axes move with the body, x, y, z do not vary with the time, and we there- 
fore obtain 

dv e dvr x _ dn r« <fo, iw, dtst x 

-&-* H~ x 3 P lu~ x Si ~ W 


Therefore 
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But as the axes of coordinate axes are principal axes, 'Sfonxy)— 0, %(mxz)= 0. 
Therefore 

*•(£ y " t *&+*)=* ...... (4.) 

A being the moment of inertia about O#. . 

We have still to investigate the expression %m(f' z y—f' y z) where f t = V**"” and 

f y =V x rs t —V t vr x . 

We obtain by substitution 

—f y z)=vi x %m(Vyy + vj:) — nr y ^mv x y) — m£{mv a z). 

But since 

V x =zny— ym t , 

Vy=XT3,—Znr x , 

V t =ym x —xvT x , 

it is evident that for principal axes we have 

2(mivy)=0, S(m«js)=0, 

X(mv x y)= —v X(mv x z)=vrfi(mz i ). 

Hence 

'£m{f' t y—f 9 z)=T*yVT z (%(mf)-%(mz*)) 

= nfyiff x ( '%n{y 1 +.i s )— %m(z 2 -j-2 3 )) 

=zvrym x (C— B), 

where C and B are the moments of inertia about the axes of z and y. 

Substituting then this last expression and the expression in (4.) in equation (3.), we see 
that the sum of the moments of the moving forces about Ox equals • 

A ^-HC-BKw,. 

Hence by D’Alembert’s principle, if L, M, N be the sum of the moments of the 
impressed forces about the axes of x, y, s, we have 

L=A^'+(C-BK^ 

Similarly, 

M=B^+(A-CK".. 

N = c *-+(B-A>.^ 

I will now show the full import of each of the steps in the above analytical proof. 

We have seen, in section 39 of Chapter III., that the acceleration of the particle is 
the result of the acceleration dct (D, (Q), R), and the acceleration det (Q, V). If then 
the particle’s mass be m , its moving force is represented by 

m det (D,(Q), 11) -fw det (Q, V). 
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Now the above analytical proof merely shows that the sum of the moments about 
the coordinate axes, of the moving forces of which m det (D, 12, 11) is the type, are 

respectively A B C and that the sum of the moments about the coordinate 
at at at 

axes of the moving forces of which m det (12, V) is the type are respectively (C — B)^^, 
(A— C )nja x , (B—A)vt y vt x . 

73. I will next proceed to show how these results can be obtained far more briefly by 
applying the propositions concerning the determinants of lines. In the first place, if we 
put, for D/12), P, and suppose P to have for its components^, p y , p x parallel to the axes, 
then m det (D/12), R) has for its components parallel to z and to y, 

viiyPx—vPa) and 7n(xp x —zp x ), 

and therefore the moment of m det (D/12), R) about the axis of x equals 

m {(yp*— x $y)y — i' l T* — Z P') Z } = +f)p* — » W, — mxzp x . 

Therefore, if we take the sum of these for all the particles and remember that the 
axes are principal axes, that sum will equal pJ2.m{z*-\-tp). Now we have already. 

proved that p x , the component parallel to the axis of x of D/12),=^ x . Hence we see 


that the sum of the moments about Ox of the moving forces of which m det (D/12), R) 
is the type is A and that this follows from the properties of principal axes, and from 

the fact that the component of D/12) parallel to the axis of x is 


In the second place, we have already seen in section 30 of Chapter II. that the 
moment about the axis of x of det (12, V) equals — rzsrv x cos <p, v x being the component of 
V, and tp the angle between the radius vector and V. 

But — rrsv x cos <p equals evidently — v x ( xts x + sw*), and v x equals zzs y — ya z . If 

then we observe that 1(mxv x )=.0, 2(myu x )= — 2(»?y)«r x , 2(msv x )==2(m;3 2 )w y , it follows 
easily from the above that the sum of the moments about O# of the moving forces, of 
which m det (12, V) is the type, equals 1(mz 9 ) tsr x sr y =(C — Wps y xs g . This 

last proposition may be also proved in a different manner, which will show its connexion 
with the proof first given of Euler’s equations. 

The moment-axis, with respect to the origin, of the acceleration det (12, V) is 
det {R, det (12, V)}, which, as we see from section 30 of Chapter II., equals a lineoppo- , 
site to V and of length zsvr cos <p ; but it follows from the same section that, since 12 is 
perpendicular on V, det { 12, det (R, V)} equals a line opposite to V and of length 
vvr cos <p. Hence we have 

det {R, det (12, V)) =det {12, det (R, V)}. 

Let then X denote the operation of taking the complete sum of lines. Then it follows 
from the last equation that 

2m det{R, det (12, V){ =Xm det {12, det (R, V)} 

=det(12, 2m det (R, V)). 

3 z 
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Now 2m diet (R, V) equals the complete sum of the moment-axes of the momenta, or 
is, in other words, the axis of the body’s momentum couple II whose components are 
Aot x , Bra",, CW,. Hence we see that 

Xm det (R, det (12, V))=det (12, H), 

and therefore the sum of the moments^ about Ox of the moving force, of which 
m det (12, V) is the type, is the component parallel to x of det (12, H), and equals 
therefore Car,sr y — B?«r y ar.=(C — B)sr, 
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XXXIII. A Supplement to Two Papers published in the Transactions of the Royal Society , 
“ On the Science connected with Human Mortality the one published in 1820, and 
the other in 1825. By Benjamin Gompertz, F.R.S., F.R.A.S. &c. 


Received June 19, — Read Juue 20, 1861*. 

In offering to the Royal Society the ensuing Supplement to my two former papers on the 
Law of Mortality, with subsequent remarks on invalidism, I am anxious to acknowledge 
that I have derived great advantage from the encouragement and persuasion of my 
esteemed brother-in-law, Sir Moses Montefiore, Bart., given me to endeavour to com- 
pile and publish some of my later observations on the subject ; knowing that, though I 
felt flattered by the attention originally shown by scientific gentlemen to these papers, 
they appeared to me capable of advantageous illustrations. Therefore I may venture to 
hope that if this Supplement merit the attention of those interested in this branch of 
science, I may consider that he has added a mite further to entitle him to the good 
wishes of those who applaud him for his constant endeavours to promote the general 
interest of mankind — endeavours which he lias shown to extend through Europe and 
Asia in the cause of humanity, and to be exercised at home in various ways, among 
which I notice his attention to the practice of Life, Fire, .and Marine Assurance ; he 
being the President of the Alliance British and Foreign Life and Fire Assurance Com- 
pany ; of which I was the founding Actuary, and in which Institution, though retired 
from it, I feel greatly interested ; it having been established about the year 1824 by the 
late N. M. de Rothschild, Esq., the late John Irving, Esq., the late Samuel Gurney, 
Esq., and Francis Baring, Esq., and himself conjointly with other gentlemen, and he 
being also President of the Alliance Marine Assurance Society, founded at the same time 
by them with him. 

Art. 1. In the year 1820 the Royal Society did me the honour to publish in their 
Transactions a paper of mine on the Analysis and Notation applicable to the valuation 
of Life Contingencies, in which I introduced a new and general notation, which appeared 
to me far more extensively useful, and more explanatory of its object, than any other 
notation I had met with ; and in that paper I think I introduced a new manner of deal- 
ing with the subject, by offering an analysis, with examples of the extensive use of it, 
applicable to some of the most intricate questions which had up to that period met with 
anything like a proper solution ; and showed, by selections from the treatise of Life 
Annuities of my late learned and much-respected friend, Francis Baily, Esq., a mode 
of solution of all the problems in chapter 8 of that work, depending on a particular 

* Subsequently revised by the author, with the insertion of some additional matter. 
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order of survivorship ; problems previously considered many years before, and presented 
by my late friend William Morgan, Esq., of the Equitable Society, to the Royal Society, 
and published in their valuable Transactions ; and which had been since considered, 
in a learned work on Life Annuities, by my late respected friend Joshua Milne, Esq., 
with some ingenious notation with respect to those contingencies. But still, the 
solutions given to many of the problems, though there were but three lives con- 
cerned, were of such an intricate practical form, as to be in my opinion perfectly 
useless ; especially on considering that it was necessary to obtain, by Tables of single 
and joint lives, by necessary interpolations, the required data ; as the differences to 
be used for the interpolations, in consequence of the great irregularity of the numbers 
of those Tables, are so irregular as to throw great doubt on the necessary accuracy 
of the results. And I think the examples I gave of my method could leave no doubt 
as to the comparative simplicity which resulted irom it, and consequently comparative 
utility of my analysis ; an analysis which applies where there are more than three lives 
concerned, and, in fact, where there are any number of lives to be considered. And 
I may refer the reader to my solutions in that tract, to enable him to make the com- 
parison. 

There were various other subjects in that paper, and one I mention in particular, 
which is the problem to determine what would be the law of mortality between two 
lives A, B, so that, should it be known that they are both extinct, it would be an equal 
chance which of them had died first ; because that assumption is made, in some of the 
solutions above alluded to, by former writers, and for a short period would, in fact, 
be approximatively true ; and the solution of the problem showed that it could only be 
accurately true where there was for each life a uniform equal decrement, though not 
necessarily the same for both, or else a decrement for each life proceeding in geome- 
trical proportion ; the former law being in fact only an extreme case of the latter law. 
I may mention that there are some omissions in the printed solution of this problem, 
which may lead the reader, if he does not enter properly into the analysis, to think it 
faulty ; and that the paper on the whole stands in need of some errors in the printing of 
it, and in one or two places of an incorrect portion of the manuscript sent to the printer, 
being pointed out. 

Art. 2. Since that paper was written, I ventured to communicate a paper to the Royal 
Society, which it did me the honour to print in their Transactions of 1825, as a letter 
to my late friend Francis Baily, Esq., on the nature of the functions expressive of the 
law of human mortality expressed by the equation L,=d.^| ? *; where L„ according to 
my notation in my first paper, is the number of persons living, at the age a?, out of the 
number Lo who were born x years previously. And as I use, from great preference, the 
iluxional notation of our great Newton, instead of the furtive notation used on the Con- 
tinent and now much used in England, my d does not denote the differential character. 
I say I use the notation in preference, because I consider the fiiudonal calculus far more 
luminous. But as strictures have been cast on me on that account by some reacters of 
my paper, I will not apologize for a small digression from my subject, to state some 
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among the causes of my preference. I call the differential notation furtive, on I think a 
moral ground, and also on the ground of its introducing an interruption and an incon- 
venience in practice. The moral ground is, that it appears to give Leibnitz a greater 
claim to originality, to the prejudice of Newton, than I think he is justly entitled 
to. And the other ground is, it steals from the alphabet a letter — and one which it 
is most convenient to retain, in order to keep up the regular order of notation — to use 
it for a purpose of different intent to that for which it was originally used ; and may 
introduce confusion. And with respect to the superior advantage of the fluxional 
calculus over the differential calculus, I observe that if x and y be rectangular coordi- 
nates of a curve in a plane, and z the length of the curve from a given point in it to 
the point of which x and y are coordinates, the fluxional calculus gives 
which is strictly true ; and may be proved to be so without the introduction of infinitely 

small quantities: but the differential calculus gives dz =v dx\ +djyf, true only on con- 
sideration of infinitely small quantities ; and even with that consideration it cannot be 

proved luminously to be true; because only expresses the length of the 

chord of an infinitely small arc, and not of the arc itself, as they have no part common 
with each other, but at the points of intersection: but in the fluxional calculus 
£=>/ x'-\-y', which, I think, is a much neater and a much more commodious expression, 
£, x, y only express finite values ; namely, the velocities in the several directions, at the 
point to which x and y are coordinates, with which the point describing the curve is 
moving in the relative directions parallel to the axes of x and y, and that of the tangent 
to the curve at the point ; in the same way as if all causes which might incurvate the 
future path of the point were to cease; and similar observations may be made with 
respect to the luminous character of the fluxional analysis, when compared with the 
differential analysis, in the application of it to physical subjects. Thus if / be a force 
acting on a body, v the velocity which is generated by its momentary impulse, that is to 
say its single impulse, by which is meant the finite space the body would describe in 
consequence of it in the finite time i, but not the variable portions of space it would 
describe if that force were Considered to be an infinitely small action, as it were continually 
active during infinitely small portions of time ; the fluxional calculus gives Jiz=v, and is 
correctly true, however large v and t are. But the differential analysis gives f.dt=dv, 
which is correct only if dt and dv are infinitely small, and is then only to be considered 
so in virtue of the hypothesis that infinitely small quantities of the second and higher 
degree may be omitted. 

But whilst I am endeavouring to clear away the shadowing clouds which may obstruct 
the brilliant light of Newton’s lamp from being duly perceived by the scientific eye, I 
am willing to acknowledge that Leibnitz’s differential d has, in many instances, done 
great service in his own hands, in the hands of Euler, Lagrange, Laplace, and of a host 
of scientific men whose names cannot be pronounced without gratitude and reverence. 

Add I observe that other letters, such as f, &c., when used as characteristics 

4 a 2 
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instead of representatives of value, have their valuable service as well as inconvenience: 
to be attended to ; though I prefer much the Continental use of a letter when used as 
a characteristic, to be used, as it is in many cases, as a letter underscored by some one 
or more letters, denoting the quantities of which that letter may be the functional 
characteristic ; as, for instance, to write L a to express the function of a , which may be 
the age of a person of whom there may be the number L„ living. And haVing thus 
intruded by a digression on the reader’s attention, I will venture to hope that my still 
continuing the digression will be thought to have some interesting excuse for me, as a 
scientific amusement to the reader ; as a person walking for the sake only of healthy 
exercise in a beautiful garden, may find a pleasure and an advantage to notice the 
elegant flowers, and even the noxious weeds which the ground produces. I will state 
that mathematicians who have enlightened the world with the most beautiful discoveries 
use notations which arc incorrect, often ambiguous, often furtive, and often contra- 
dictory. Thus in the notation of partial fluxions or partial differentials, I consider 

, &c., -?-•> ~r as both incorrect and furtive, and that they may mislead ; instead of 

x x % ax ax 1 

which I use the expressions ii &X, tX , &c. The incorrectness of the former has 

x a’| ! dx dx* 

been in some degree avoided by Waring, Laplace, and many other mathematicians of 

eminence, by using the expressions (a^)’ (^)’ (prp)’ which removes some 

part of my objection, but not the whole of it ; but has the disadvantage of occupying too 
much space, and is furtive, as it steals the excellent use of the parentheses, which have 
been employed forjiseful purposes. And now, requesting my reader to pardon me for 
a digression which some readers may consider uncalled for, I will proceed in the path 
in which I hope to lead him with some satisfaction. 

Art. 3. In the equation L,=d.^| , where L, signifies the number of persons living at 
the age x, the letters d, g, q in my paper in the * Transactions’ of 1825 express quantities 
apparently nearly constant during a very long period of life — say, for instance, in the 
Carlisle Table of Mortality between the ages 10 and 60 ; but If we commence our limit 
at a different age, and terminate it at some other far distant age, those quantities appa- 
rently constant would have different values of apparent constancy ; and here the pro- 
duct d.g, which would appear in the equation by taking x=Q, would be an arbitrary 
quantity depending on the arbitrary value of Lo as a base, expressive of the arbitrary 
number we intend to set out with as the persons living at the age 0 ; and if, which 
is not the case accurately, the formula were universally true from birth to any other 
age, d.g would express the number of persons born on which we intended the formula 
to be constructed; for we should have 'L 0 =d.g; but as g is not arbitrary, d would be 
the arbitrary quantity, and we might take r7=l, if we did not object to fractions in the 
number of the births, to set out with; and in that case the formula would stand 

generally Tu^gf', if it were universally true from birth to any age; which, as I observed 
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• above, it is not; and it is never in fact true if g and q are to be considered. absolutely 
constant ; as is evident from the example of the method I used in my investigation, by 
what I call the vital rule of three. And as the Table from which the data are to be- 
obtained is moreover likely to contain irregularities, and undoubtedly does contain such, 
which are not contained in the real law of mortality, it follows that if even the equation 

L,=d.gf, where d, g, q are supposed to be constant, did exactly express the real law of 
mortality, the values given to g and q by this vital rule of three would not be exactly 
the same for every selection, and therefore I should not have expected that any tolerable 
mathematician in reading my paper could suppose that I meant to state that I had given 
their exact values. But wherever the three lives were selected, had the Table been accu- 
rate from whence I selected the data, and were the law for constant values for d, y, q 
consistent throughout with the real law of mortality, their respective values would have 
come out the same. 

Art. 4. But neither of these requisites is to be depended on, as is proved by the 
two formulae given in my paper of 1825 for the Carlisle mortality, Art. 10; the one 
where the vital rule of three is based on the selection of the ages 20, 40, and 60, and 
the other where it is based on the ages 40, 60, and 100. The first of these equations is 

xL,= 3*88631 —X“'(2*75536+’0126#), 

or its equal, 

aL^ 3*88631 — X —, (*0126^r — 1*24464), or very nearly 
3*88631— X“ 1 *0126(#-— 100); 

X standing for the common logarithm of, and X -1 the reverse, or the number whose 
common logarithm is &c., and the other, namely, from the selection of the ages 40, 60, 
100, gives the equation 

XL X =3*79657 — X -1 (3*7467+*02706r) 

= 3*79657— X -, (*02706#— 2*2533). 

And when the middle age of the three selections above is 40, we have 

Xd= 3*88631, Xy=*0126; x(-Xy)= -1*24464, 

sufficiently near —1*26; and when the middle age is 60, of the three selections, we 
have Xd= 3*79657, Xy=*02706; sufficiently near the double of the* former value; and 
xy)= — 2*2533, also equal to nearly the double value in the former case, but not 
exactly in that ratio, but nearly in the ratio of 2 to 1-^ ; but still, considering the 
nature of the data which furnish the values, in order to follow the hints these numbers 
give, I am inclined to think but lightly of the small variation from that proportion, 
and to suppose that the law of mortality, instead of being xL,=Xd— X -, (X(— Xy)+a\Xy), 
when d, g, q are constant, which we have proved are only apparently constant, though 
for a long time exhibiting a strong appearance of constancy, should be, according 
to the above hints, XL,=Xd,— X -l (Xy,.ff— /i), with the addition of some small formulae 
to be sought for, where h is a constant from birth to extreme old age, and Kd„ \q, are 
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functions of dr to be discovered to meet the cases of comparison of the formula with the 
Tables. Here I retain the dand q with the prefix X for the sake of convenient reference 
to the old formula ; and it appears that these functions \d a and \q M are subject to such 
slow variation by the variation of x, that in forty years in the above examples \d M only 
varies from 3*88631 to 3*79657, and kq g from *0126 to about its double; the prefix X 
signifying common logarithm of, and X~' the anti-common logarithm of. Now lupposing 
t and v to be very small quantities, and that \d g is a function of 1+m?, and \q g a function 
of 1-f-fcr, then, provided v and t are sufficiently small, whatever these functions may be, 
we consider that if in consequence of the smallness of t and v we may in the develop- 
ment of the functions according to the powers of x be satisfied with the first power, we 
may assume these functions of any form we please to suit our convenience. I will then 
for that end suppose Xd,= OS', Kq s =Xq 0 .e r ; C standing for Xd 0 , and € and e will be 
quantities differing very little from unity, the one being =l+fl, where, as above shown, 
v must be a very small negative fraction, and the other =l+£» where £ is a very small 
affirmative fraction, and then the approximate law of mortality will be 

AL,=C. £* — \~'(d'.'kq 0 . (, x—1i)\ 

where C, €, e, q 0 are all four constant quantities from birth to extreme old age, quan- 
tities to be discovered from the Table of Statements of the living at different ages ; 
C and 6 first to be determined by two convenient statements, and e, q and h by three 
statements, by the method I call the vital rule of three. First, for finding 6 and C 
take two values of x, one x—m, the other x=n, saying C . = kd m , C£ n =Xd„; and there- 

jt , .... — w , * 

fore by division £ » and 


y g ___ A A<f m . ^ ^ XS™ TfiX,Kd n 

w n—rn * m n—m 


d m and d n being found from the Table of data by means of the previously stated original 
formula, 

XL,=Xd— X-‘(X( - ty)+Kq. X ), 

which gave when x was 20, Xd g , that is X^^S’SSGSl, and when #=60, Xdeo= 3*79657 ; 

.*. 0^=3-88331; C€ 8 °=3*79657. 

Consequently 

)£" =-67939--58954 ; --00025375=1 -99974025 

and 

xC=*589540-20x£=*589640+*005075=*594615. 


Art. 5. But instead of proceeding at present with this formula, I will refer to my original 

formula, L g =d.gf, to show its value, and how g may be found by the vital rule of three 
by a method different from that in my paper of 1825, a mode I then pursued before I 
discovered by a general investigation that the above equation with d, g, q constant quan- 
tities did very approximative^ express for a very long period the law of mortality. 

The equation gives XL,=Xd+Xy. g*, and therefore by taking x successively =m, 
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nt+2», we obtain 

XlfeS&jZ-l-ty.g”, ^L m + a =X<2' +Xy. <£***, Xl4 W+to =X<?+X^.2 , " + *", 
whence we get 

^•2" , X(r-l)=XL BI+ .-XL TO , ty.qrf.(qr— l)=XL w+fcl — XL^; 
and therefore, by division, 


and 

and we have 


. XL m +m— XL m+w _ 

* “ aL* + »~\L* ’ 


X?= 


^(ALm+n^ALgffj^^A^Ij^— XLin+n) 


« 


> /»— ^ hn+n"* ALm 

A y— 1) ’ 


and X<7 in the application I am about to make will turn out to be a negative quantity, 
or in other words, g will be a positive fraction less than unity ; and consequently to find 
<7, as a negative number has no logarithm in the positive scale, if we are to proceed by 
logarithms, we must take the logarithm of the positive quantity — X^r, and say 

and then g being found, we find d by the equation 

Xd=\Ij m —\g.q m . 

This is the way I have generally proceeded since I discovered the above approximative 
formula of mortality ; but if we only consult this formula in order to find Xd, which it 
contains, which is the only part of it necessary to find C, € of the formula 

XL # =C€*— X“ , (e*.X3' 0 .a:— A), 

we need not take the trouble to find g or q of the preceding or old formula, and from 
the equations above put in the form 

Xff.gr =>Jj m -Xd, Xg.gr+^XK+'-Xd, X 2 . 2 ”*“=xL„ tl „-X d, 
multiplying the first and last together, we have 

(^)V” +2 ” = (xLm — X^Z) X (xLm+j, — Xd) ; 
and squaring the middle, we have also 

(*g)Y m+a *=(\L m+n -\ d)'; . 

these put equal to each other, give 

(Xl^,-“Xd) x Xd)=(Xli W+l ,— Xd) 9 , 

and therefore 

XLffi • XLm+sn - Xd(XL m +XL m+ »,)=:(XL WH . n ) 9 — 2XL w+ll Xd ; 

and consequently 

\ j XL m . Aliat+ga — ALm+J 8 

A(l— AL m - 2 AL B , +n +AL m+Sn * 

Art. 6. The information which we have that the formula 

XL,=Xd— X”'(X(— XyJ+^Xj), 
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. or its equal, 


XL # ssXrf’f 


will for a long series of years, with d, g, q constant, be a very near approximation to the 
values which the data afford, provided d, g, q be determined by the vital rule of three, 
by taking x successively equal m, m+w, where m and m-\-2n are somewhere near 

the limits of age through which the formula is meant to be applied, is a most valuable 
information ; on account of the application of the above law to the most complicated 
intricacies which may be proposed, by means of what I consider rather a novel branch 
of mathematical investigation, which I term vital algorithm and analytical arithmetic of 
logarithms and anti-logarithms, in very complicated entanglements and disentanglements : 
for by the law of mortality we can get the value of L„ the number living at the age x , 
or of L a+jr , or their logarithms in a series of powers of x with very converging coeffi- 
cients, as will be shown further on, and thence we can obtain a series of the values of 
L -+# xL 4+# xL c+ „ &c., however many lives there may be ; or we may have the logarithms 
XL -+ „ AL 4+ „ XL ( , + „ &c. , to which if we add the logarithm of r*, say x into the logarithm of r, 
r being the present value of unity due in one year certain, at the proposed rate of interest, 
and deduct from this sum the sum of AL a H-XL 4 +AB c , See., we shall have the logarithm 
of unity to be received in x years on the condition that all these proposed lives be in 
existence in x years time. And then finding the analytical expression for the anti-loga- 
rithm of this, expressed by a series A 0 + A r r-f-A a r , +A 3 # 3 + &c., in which A„ A a , A 3 , &c. 
express a series of very converging terms, we have the present value of unity to be 
received in x years, and then by a Table to be presented in this tract of powers of 
numbers, and the sum of these numbers from r=l to any proposed required limit, we 
can by multiplying the coefficients A„ A a , A 3 , &c., of the series A„ A,, A 3 , &c., which 
will be mostly very convergent coefficients, if not always, find the value of all the annual 
payments between any one time and any other; many examples of the ease of this 
method comparatively with the seemingly insurmountable difficulties which appear on 
these subjects, I hope to have time to lay before the reader, and to discuss many other 
branches which may be of interest. But not to keep the reader in suspense, I will 

—,v* 

continue the subject referable to the formula L M =d.g\ , where from any proposed value 
of x to any far greater value, d, g, q may be considered as constants, though not actually 
so ; and now I will show how nearly the formula 

between the ages of 10 and 80 agrees with the Tables ; and will then show how to find 
the constants of the equation from the commencement of life to extreme old age from 
the more complete formula 

where from birth to extreme old age all the quantities except x are constant, but of 
interesting values, so that ftp* commences its significance at birth, and within less than 
one year decreases to total insignificance, but will never absolutely vanish ; the term 
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kef also commences of significance at birth, but sinks gradually, and sinks into insigni- 
ficance at the age of 20, and then and after becomes of so small value that the terms sink 
into entire insignificance; the terms CC* and A ~\ef .\q 0 .x—h) are values of significance, 
•from birth to extreme old age ; the term g>if is insignificant till x is equal about 80, 
“ but for analytical anticipation is of significance some years before,” and then it slowly 
increases during the remainder of life*. The value ,k<f is particularly interesting, because 
in the Carlisle Table it shows a surprising agreement with the stated mortality of children 
from the age of birth till the age of 1 year. 

Art. 7. But now continuing with respect to the original formula of near proximity 

—tq* 

to the law of mortality ~L Jt =d.g\ , where d, g, and q may for a long period be considered 
as constant, their values being dependent on the three selections of ages, and putting 
it in the form Xh x =Kd-\-kg . q x , and using a new and useful notation with respect 
to logarithms, by writing underneath a letter whose logarithm is to be expressed the 
prostrate small 7, thus < 7 , to denote the common logarithm of q> q to denote the Napierian 

- "i r , 

logarithm of y, and the prostrate l in the reverse position, thus^r, to denote the number 
whose common logarithm is q , and g_ the number whose Napierian logarithm is q, we 
have evidently from the equation AL,=A d+Ay.j', 

L fl , y + '=j2+jr . (1 +£. -J) •**+ 0^+270 *ii •**» &c -)* 

where the coefficients of x and its successive powers converge, in consequence of the small- 
ness of the Napierian logarithm of q, which in the Carlisle mortality is about *029, so 
that a very few terms of the series would be required, even if, for instance, the age a were 
30, and we wished to know the value of AL„ 0 . To use this theorem with advantage, we 
should be provided with a Table of the values of g .q a and of d for every value of a, the 

youngest life of the three selected lives which are the foundation of the values of d, g, q, 
their values being different according to the ages of selection ; and if AL a+ „ AL i+ „ AL c+ „ 
&c. be, for the sake of example, as it was found by the above method, represented 
respectively by the converging series 

A+'Atf+’Ax'+’Atf 3 , &c., B+'B^+W+W, &c., C+'Gr+W-pGr*, &c., 

it is evident on taking #=0, that AL a , AL 4 , &c. will be represented by A, B, C, &c. ; 
and as the logarithms of the chances of the persons of the present ages a, b, c, &c. living 

x years are respectively A > A -jr^> &c., the logarithm of the chance of a living x years, 

of 6 living in x years, of c, &c. will be respectively 

'Aff+’Atf’+’A# 3 , &c., 'Bx+ W+W, &c., ‘Gf+KV+W, &c. ; 
and if r be the value of unity discounted for one year, using r to express its common 
logarithm, we shall have the logarithm of the present value of unity to be received in 

* But ft, though considered now to be constant, may show after x is 100 that it is not absolutely so, 
though data are wanting to show the nature of its variability. 

HDCCCLXII. 4 ^ 
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x years, provided the persons of the present ages a, b, c, &c. are then all living, Repre- 
sented by 

(r+'A+'B+’C, &c.)r+( a A+ a B+ a C, &c> a +( 3 A+ 3 B+ 3 C, &c.>», &c., 

a very converging series ; but in the use of the method it is necessary to have* instead of- 
the common logarithm, the Napierian logarithm, and the Napierian logarithms of 
L. +# , L 4+j ,, &c. would be expressed by 

d+gjt'X (l+ 2 ;#+£-f-+&c^, £+£. q b X (l+gr+£*|- &c.) ; 
and if, for the sake of brevity, we represent ^•(2“+2 A 4 , ? c ) &c.), multiplied respectively 

1 1 -.3 

by £ g 5 -g.j] , &c. by A„ A 2 , A s , &c., we shall have the Napierian logarithm of 

the present value of unity to be received in x years, if the persons of the present ages 
a, b, c. See. be living, represented by r+A,..z+A 2 & J +A 3 # 3 4- &c., a very converging 


series. And if the anti-Napierian logarithm of this expression be represented by 
1 + 1 S# -f a S^ a + 3 Sx 3 , & c., in which the coefficients of the different powers of x, namely, 
'S, a S, 3 S, form a very converging series, then on using the notation adopted in my paper 

3 I 

of 1820, six*] to express the sum of all the values of x n , from x—w to x=z inclusively 
of both by increasing x continually by unity, the present value of an annuity of 1 on the 
joint lives of persons now of the age of a, b , c. See., the first payment to be made in w 
years, and the last in z years, will be represented by the series 


.r x x x 

r r f I 

Vi W W Ui 

saf > + 1 S * x+ 3 $ c aR+»S * ar’F&c., 
which will be a converging series. 

And if the annuity were intended to be entered on immediately, so that the first pay- 
ment was to be in one year, and it was intended to continue as long as the joint lives 
continued, it would be written 


X X X X 

}| x°+'S ]) x+*S T| aR-f 3 S | a*+&c. ; 

and if this were to be an increasing annuity, continually increasing by the additions 
from year to year of the payment n, the #th payment would be 1 +«#, and the present 
value of that #th payment would be 

i+i(l+ , &r+ , SR+ 5 &( 3 + 4 &r, &c.)=l+(‘S+ w)xH-( a S+rc. 'S)x^+( 3 S+w. a S> # +&c., 

and therefore the present worth of such an increasing annuity on the joint lives would 
be represented by 

X X X X X 

V+PS+n) i|#+( a S+rc. , S)]|a*+( s S+». a S) l^+( 4 S+». 3 S)]j* 4 , &c.; 
and a similar mode may be adopted for more complicated regulations of the payments 
from year to year. 
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And to make this simple theorem easily available for the calculations, it will be con- 
venient to have a Table of powers of numbers increasing regularly in arithmetical pro- 
gression, with the common difference of 1, from 1 to 100, of the annexed form, which I 
call the Collecting Table, and which will be found of immense service. Such, for 
instance, as the following example ; but a more extensive Table will be given further on. 


.7\ 

Sums of x. 

X 2 . 

Sums of x 2 . 

a* 3 . 

Sums of x 3 . 

A 4 . 

Sums of x 4 . 

To continue 
to x=10, 
or more. 

1 

1 

1 

1 

1 

1 

1 

1 

&c. 

2 

3 

4 

5 

8 

9 

16 

17 

&c. 

3 

6 

9 

14 

27 

36 

81 

98 

&c. 

4 

10 

16 

30 

64 

100 

256 

354 

&c. 

5 

15 

25 

55 

125 

225 

625 

979 


6 

21 

36 

91 

216 

441 

1296 

2273 

&c. 

7 

28 

49 

140 

343 

784 

2401 

4676 

&c. 

8 

36 

64 

| 204 

512 

1296 

4096 

8772 

&c. 

&c. to 1 
100 

&c. 

&c. 

&c. 

, 

& c. 

&c. 

&c. 

&c. 

&c. 


It is evident that if this Table be continued to great values of x, say to 100, or high 
powers of x, which may be necessary in some cases, we shall get very high numbers for 


ij 

the value of .r x n ; but these numbers, when multiplied by their coefficients, which will 
be very small, may not prevent the series from converging. 

Art. 8. But the case renders a new arithmetical notation convenient, which will be 
explained further on, as only a few of the most significant figures will be required, and 
the remainder may be considered as noughts. This analysis does not only require the 
anti-Napierian logarithm to be taken of analytical expressions, but also the reversion of 
analytical expressions into Napierian logarithms to be found; for if there be a series 
a-\-bx-\- at 2 + dx 3 , Sec. when the coefficients a, b , c, See. are a converging series, the 
Napierian logarithm of it is the Napierian logarithm of a 


+ 


( t x + C a *‘+ Tr 1 *’ &C ) — ^-*-2 &C -) &c " 


which may be represented by a-\-'bx-\-'cx^-{~'dx 3 -\- &c., and would give the values of 

l b, 1 c , l d, & c., or rather proceed as follows. 

Supposing the Napierian logarithm of 

1 -f* Bj#-} - B^ 2 -|- Bj.7' 1 


were equal to 


A,#+A !r r a +A 3 dr 1 +&c., 


if these equations be put into fluxions, we shall obtain, after dividing by x, 

+ —A 4-2A^r-l-3A r*4-4A x 3 See 

1 +B,* + B a * a + B 8 * 3 &c. -f-4A. 4 a , (fee ., 

4 b 2 
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and consequently 

A.4-2A, x -f-SAs^* +4A 4 ar* -f&c." 
4 - A 1 B 1 ^+2A a B 1 ^+3A s B 1 ir s &c. 
-f* A 1 B^' a +2A. i B !r r 3 &c. 

A, By &c. 
&c. 

— B,— 2B 3 #“-3B :r r 8 — 4By &c._. 

Consequently 

A,=B,; A,=B ) -^A,B I ; A J =B,-|(2A,B,+A,B,), 


A,=B.-j{3A s B,+2A,B.+A,B,} ; A,=B,-‘- {4A 4 B,+3A,B ) +2A 1 B,+A 1 B.}, &c. 


for turning natural expressions into Napierian logarithms; and we also have for the 
reverse, namely, turning expressions of Napierian into anti-Napierian logarithms, 


B,=A,; B,=A,+U,B.; B s =A s +h2A 1 B,+A,B,); B,=A,+j(3A,B,+2A,B s +A 1 B,), &c. 


Art. 9. And now supposing the Napierian logarithm of the chances of persons now of 
the ages a, /3, y, &c. being living in x years be turned into anti-Napierian logarithms by 
the theorem at the end of art. 8, that is to say, into analytical natural expressions 
corresponding to those Napierian logarithms, and that the value of those chances be 
respectively deducted from unity, they will represent the respective chances of their 
being extinct, and may be expressed by 

p a xx(l4- 'p a x+*p cl x 1 + &c.); j)pX X ( 1 4~ l ppv 4* 'PpP 1 4 “ &c.) ; pjc( 1 4 - 'jyr 4- *Py®* + &c. ), &c., 
and supposing the Napierian logarithms of these several multipliers 

l+'P'P+^+bc., l+'p^+'p^ 3 , See., 

be taken by the same theorem of art. 8, and that there be n persons of the above said 
ages a, /3, y, &c., and that the sum of these Napierian logarithms thus taken be repre- 
sented by Ttf4- a Pr*4- 3 iy, &c., and that the product of the n quantities p a , p p , p y , & c., 
be represented by P ; then the present value of unity to be received in x years, provided 
all the persons before mentioned to be living are extinct, will be IV, multiplied by the 
anti-Napierian logarithm of 4" 1 P)tf 4* 8 P#“ 4* 3 Ptf 3 , &c. ; and if the anti-Napierian loga- 
rithm be represented by l-fR^-fRy+Ry, &c., the said value will be 


P.#”+P.Ry +, 4-P.Ry +s -}-&:c. 

We may execute the required calculations in this manner instead of adopting rules 
laid down by authors of solving such questions by aid of Tables of the values of annuities 
on single lives and two joint lives, and obtaining by an inaccurate interpolation the 
values of annuities of a larger number of joint lives, as there may be required many 
values of annuities on three joint lives, on four joint lives, and on mofe joint lives, which 
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would not only require great labour, but leave very small confidence of an accurate result. 
Aftd it is owing to this circumstance that, in addition to having a Tabic of the expres- 
sions of the Napierian logarithm, for every age, of the chance of persons of any age 
living x years, I propose also, for every age, to have the Napierian logarithm of the 
quotient of the expression which gives the chance of a person of any age being dead 
divided by its first term, namely, x multiplied by the coefficient it has in the value of 
the chance, as in many cases such a Table will introduce great facility. 

There are much more intricate cases for calculation, which the law of mortality 
enables us to overcome ; I allude to annuities and assurances depending on conditions 
of survivorships among the party who are involved in the annuity. Now I observe, 
from having the Napierian logarithm of the chance of each individual surviving x years, 
or having the Napierian logarithm of the expression after it is divided by its first term, 
of the chance of his being dead, and adding the coefficients of all the first terms 
together, all the second terms together, &c., and finding the anti-Napierian loga- 
rithm of the result, and multiplying this by all the first terms, which were directed to 
divide the various chances, we have the natural value of the chances compounded out 
of them. 

Art. 10. Previously to proceeding, I venture to introduce a notation which I have 
found convenient with respect tb vital algorithm, as the theory, and the application of it 
to important objects, introduces very large numbers, and also extremely small fractions, 
of which, in both cases, there is only a necessity to attend to a very few of the significant 
figures: thus, suppose we had the number 897654321, and that it answered for suffi- 
cient accuracy only to consider the number as 898000000, I would write it 898(6); by 
the (6) I mean the six noughts which are not written down ; and if we had the deci- 
mal fraction ’00000000763, in which eight noughts occur before the significant figure, 1 

would write it (8)763; and if these two quantities had to be multiplied together, I 
should write it 898 @x (8)763 ; and (8)76 3 consists of eleven places of decimals, 
and 898x763=685174; and this, if four significant figures were sufficient, I would 

write 6852 (2) ; to which add (6), we have 6852 \S ) ; and adding to the left (lT), as 

(§)763 signifies *00000000763, the product will stand ,11)6852(8), and would signify 
that three figures to the right are to be cut off as a decimal, and that the product is 
6*862, because eleven places of decimals, including the first significant figure being 
multiplied by 10", leaves 11 -—8 three places of decimals; and if we had to add 68*52 

to @23, it would be == 68*543 ; and so of other cases. The great use of this 

notation will appear in the construction of the Collecting Table, and its application to 
the analytical anti-Napierian logarithms. The algorithm of vital statistics introducing 
the necessity of intricate entanglements of common and Napierian logarithms and anti- 
Napierian logarithms, and reverses of those operations in analytical expression, I think 
it expedient to enter more particularly on the nature of logarithms than has been 
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done. In the first place, I observe that it is usual to consider the logarithm of a posi- 
tive quantity and a negative quantity the same; thus, suppose g were a positive number 
greater than 1, its logarithm would be positive, and the logarithm of this logarithm 
might be written the logarithm of the logarithm of g\ but if g were a positive number 
less than unity, its logarithm would be negative ; and then >Jkg, if K stood for the loga- 
rithm of, and Xkg for the logarithm of the logarithm of, would have no meaning in the 
positive scale of logarithms. This distinction I did not notice in the notation in my 
paper of 1825, though, properly, the notation ought to have been, as g was found to 
be a positive number less than 1, X(—Xg) ; but I did not neglect in my calculation 
to attend to the consequence; because, till the value of g is known as to its being 
less or greater than unity, there is a convenience, but only to be adopted with care, in 
writing }Jg. 

In this paper, as has been already explained, I use the prostrate small l, thus c_ _=, 
with the loop upwards, the first to denote the Napierian logarithm of, the second the 
common logarithm of ; and with the loop downwards, thus c- -o, to represent the anti- 
Napierian logarithm of, and the anti-common logarithm ; and _= <=_ would mean the 
common logarithm of the Napierian logarithm of, if they are placed horizontally in the 
line on the left of a character ; thus -=><=- x would signify the common logarithm of the 
Napierian logarithm of x ; but if placed below the character, which may be in some cases 
more convenient, thus x, would signify the common logarithm of the Napierian loga- 

rithm of x, and x would signify the common logarithm of minus the Napierian logarithm 
— ds 

of x. 

Art. 11. It appears now time to show how to use the original formula L,=<Z.yf v , in 
order to reduce it into a form for practice, and which may be written 

J,,=^rf+^l+£.*+^+ 2 -, • qjf+ &c.), 

where e_, whether put to the left of a character or below it, stands for the Napierian 
logarithm of, and - q\ ^ q\ , &c., multiplied by £, stand for the coefficients of 

x, X s , x 3 , &c. in the development of <=_L, ; and I add, with respect to any function 
ax-\-ba?-\ -cx 3 , &c., we would represent the anti-Napierian logarithm of it by 
l-b^+^a^+^ar’, &c. The value of these coefficients will be different according as 
tffc values d, g, q are different, which values, from what has been stated, will differ for 
every selection used in the vital rule of three of the three lives, as, though they have for 
a long period in every selection the appearance of constancy, they are not absolutely 
constant ; and I observe, that I use the same notation for the development of the value 
of e-L, in the more perfect formula which I have given, namely, 

c_L,=C€ ; 

but I should state the formula to which I here refer is 

-»L,=CS* + ftp* -\-kf — *(e*q.x—h)+gy. 
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But the formula I now state is more convenient for ultimate reduction ; but the difference 
of* the two being while -= stands for the common logarithm of, and -=> for the anti-common 
logarithm of, in the formula referred to, the values of C, ,k, k, p are not the same in this 
as in that, but would be, if multiplied by the Napierian logarithm of 10 ; and I will begin 
by showing the great use which even the original formula h a =zd.(/f may be, though 
d, y, y are, instead of being absolute constants, quantities very slowly variable from one 
selection of three lives to another ; though it is not equally valuable in point of accuracy 
to the improved formula, where all the quantities except x are constant from birth to 

extreme old age. And now, reverting to the formula L x =d.y| , and observing that in 
the Carlisle mortality the selection of the three ages may be distant from each other by 
even 30 years, being 10, 40, 70, we obtain a very efficiently-useful formula, although in 
some cases, though rarely, L x given by the formula, and L x of Milne, may even differ 
two years ; but still, the proportion of the chances of living to those ages given by eacli 
will be but a small per cent, of each other. When the selection is 10, 40, 70, we have 
<^_d, the Napierian logarithm of d=8-8833; =_y or y, the Napierian logarithm of 

^='0377355; £= — *0786130; -=( — ^)=2'89605; -=>y= 2'57675. Here the difference 

of ages in the three selected lives is successively 30 years ; but as that difference may 
not give sufficient accuracy, I do not adopt it. 

If ^Lx—d.g^, with constant values of d, y, y, were true throughout life, we should 
have the logarithm of L x = logarithm of logarithm of y.y*, and 

A L a +x = logarithm of logarithm of g\.q u .q*, 

as before observed ; and the logarithm of the chance of a person of the age a being 

living in x years = the logarithm of logarithm of <j . q“(q* — 1); and similarly the 

logarithm of the chances of persons of the ages ft, &c. living x years will be expressed, 
logarithm oig.q b (q* — 1), &c. ; and consequently we shall have the logarithm of the 
chance of persons now of the ages a, ft, c, e living x years 

= logarithm of y X (y*— l)(y' , +y A +y <: 4-y'), 

and also the logarithm of the chance of a person of the age p living x years 
= logarithm of y X(y* — lj.y*' ; and therefore if p be found so that q p = q a + y 4 + + y', 

or, which is the same thing, if p be the value of ^ then 

will the chance of a person of the age p living x years, and the chance the four per- 
sons of the ages a , ft, c, e being every one surviving in x years, be exactly the same. 
This circumstance had induced the learned Professor Augustus De Moegan, when 

commenting on the theorem L x =d.yf , which was given by me in the Philosophical 
Transactions in the year 1825, and the ingenious Mr. Sprague, and others who appre- 
ciated it, and philosophically felt pleasure in bestowing praise where they thought merit 
was due for the discovery of a useful theorem, with good analytical judgment to observe. 
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that if the theorem were true through life, the value of annuities on any number of 
joint lives might be with ease obtained, which would be a most beautiful and useful 
property. 

But, as I have shown in my paper of 1825, and here more fully illustrated, those 
values can only be considered as approximative constants for a limited period, though 
that period is very long, and whilst x increases from 0 to about 60, if a were =10. I 
have shown in that paper, in the Carlisle Table of Mortality of the late learned Mr. 
Milne, that the theorem affords values for L, at the different ages, say from 10 to 60, 
differing very triflingly from Milne’s Tables ; and having in that paper expressly stated 
and shown that they were not absolutely constant, but depend on the ages of the three 
selected lives, it need not cause surprise that the theorem does not serve for that useful 
purpose; because y>, determined by the equation q a -\-q b -\-q CJ c-q ez = : q p -> would come out so 
much larger than the limits of the applicability of these first-found constants, that, if 
the method availed, it would be a contradiction to the assertion that the elements were 
variable, as any one may convince himself ; but there are cases easily pointed out where 
the ages may be so taken as to afford a result by the theorem approximatively true. 

But this observation does not deprive the theorem L a+ ,= d . g\ of very great and 
serviceable value ; but to make it extensively available it will require a Table for every 
age a of the constants d , g, y, varying from one age to the other ; though the theorem 

<=-L x =C. €*+^ 6 * - 4 -fa* — c-^ff.x — h.tfi+pv* 

appears still more valuable, which has the same constants for every age, from birth to 
extreme old age, and which, from the age of about 10 to 80, will take the simpler form 

c_L,=C € # — <=-{(?. x — h.q), 

in consequence of the portions, ]k{f, k(f and /x/, between these limits being insignificantly 
small. 


When the differences of the selected ages are only instead of 30 years assumed further 
on 20 years, that is, when difference w=20, and if m be respectively 10, 20, 30, 40, 60, 
60, that is, if the youngest in the selection be respectively 10, 20, ... 60, we have, for 

finding d, g, q in the formula L,=d.^| , the following data: — 

For the selection 10, 20, 30, we have 

_=d= 3-88012, _s<2= -0132565, -=(-£)=2-71185, _g=--051608. 


d=8-9343 , 


g_= -030526 


_a(—g)= 1-07407, £= — -11860. 


For the selection 20, 40, 60, we have 


_=d=3-88137, _=y= -012984 , _=(-£j=2-72607, jr= -*053211. 
£=8-9374 , g=-027897 , -<-g)=I-08829, £=--12264. 


l?or the selection 30, 50, 70, we have 

_=d= 3-8273 , -=2= 0192535, 

«s_d=8-8127 , c-2= *044334 , 


-=(-g)= 2-30241, 
^(-£)=2-66463, 


jr=— -020064. 
£=-•0462. 
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For the selection 40, 60, 80, # we have 

-3^=3*75272, -^=*030345 , -={.-£)=3*46094, £=-*0028903. 

c_(?=8*6409 , c-^= *069872 , -3(-£)=3*82316, £=-*0066552. 

For the selection 60, 70, 90, we have 

-^=3*71469, ^=*0334825, -*(-£)=3*18036, ^=-*0015148. 

c-d= 8*55534, c-^=*077096 , -={-g)= 3*54258, £=-*0034880. 

For the selection 60, 80, 100, we have 

-^=3*75272, -^=*0270605, -=(-£) =2*10984, ^=-*012878. 

c_i=8*74186, ^= 062309 , _=(-£)=2*47206. £=-*029652. 

The selections give, for the analytical expression of c_L a+ , corresponding to the several 
values of a below, the expressions below : — 

a <=-X a+ ,. 

10 8*9343-{*160927+*004912#+@75# 3 +©762^+®58# 4 +(l0) 35^ &c.}. 

20 8*8127-{*22279+*00662#+@97995# 2 +©9924^+®75£ 4 +@44^+@2tf # }. 

30 8*8127-{*17468+*0077443*+@171678.r a +@2537tf 3 -f ®2812* 4 + ®24^+@2^}. 

40 8*6409-{*10888+*007608ir+@2658^+©6191^+©108^4-®12^*f(l0)l7^}. 

50 8*5534-{*16470+*012696*+@48943^+@1258^+©2424tf 4 +®3738^+@48/}. 

60 8*74186-{*54134+*033930tf+®105Lr a +@218826tf 3 +@3396a; 4 +®423^+@44^ 

"Where observe were a, 10, 20, 30, 40, 50, 60, and were x taken in each case =0, the 
above expression would be respectively the values of c_L 19 , c_L a0 , c_L 30 , c_L 10 , c_L M , e-L#,, 
which would become 8*9343— *160927=8*77337 ,* 8*9374- *22279=8*71462 ; 8*8127 
-*17468=8*3887 ; 8*6409-*10888=8*5320 ; 8*5534— *16470=8*3887 ; 8*74186 

—*64134=8*20052: the reader is already informed that the symbol, for instance, 

©3738, signifies, *000000003738. 

Art. 12. And now returning to the assumed formula 

xL x =Cb'->r'{^.^-/i- Mo}, 

of which, in the case of the Carlisle mortality, I have already given the value of C, e, 
and putting C6*— XL,=M„ we shall have the equation 

X* 1 {ef’.x—h. X< 2 o}=M„ 

and consequently 

ef.x—h.M 0 =XM # ; 

and using the vital rule of three, that is to say, selecting three values of x to find the 
three unknown quantities e, h, and q 0 , say x=m, x=m+n, a?=w+2», we have the 
three equations, 

«".(»»— AJ.XjftsXM*, e w+n (m+w— 4).X^„=xM m+n , e m+, "(«i+2«— /t).Xj r 0 =XM w+to . 

MDCCCLXII. 4 C 
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Multiply the first and third of the equations together, ^uud square the second, and we 
shall have by reduction, putting 

xM m xxM m+ *_ n . m-A.m+2»-A__ n 

— m s r« — — i\a '+»> 


that is, 


that is, 


(xM m+n ) s 


(m+n— A) s 


(m+n—h—n) x (m+n— A+n) 


m+n— i 


=0,; 


consequently 
and therefore 


m + n— A) 2 — n* q . 

(m+n— A) 2 * 

&+»■— A)’ X 1 — 


A=m+w+ 




and m, n, XL„,, XL m+n , xL m+2n being taken from the Table for the given or assumed 
values of m and n, and C and € having been found, we have' the value of h ; and from 

the equation 

ef.x—h.'kq 0 =XM, 

we have, by putting m and m-\-n for x y the two equations 

e m X X m— A=xM m 

and 

e m+n .ty 9 .m+n—h=\ M w+ „ 

and consequently we have 

xM m+ ,x m— A 
xM m x m+n— A 

and therefore 

wX* =X( — xM m+ „) + \(h—m) — x(— xM m ) — X(A— «i— »), 

because xM m , &c. is negative, and therefore we cannot take its logarithm. Now having 
found h and e, we find q 0 from the equation 

. m — A . X jo = AM m , 

which will give 

XX# 0 =X( — xM m ) rrike ; 

and taking for m and n 20 and 30 respectively, which will give the data for the selec- 
tion (by the vital rule of three) 20, 60, 80, we are to expect, if the theorem is an 
approximation to the law of mortality, that it will very nearly agree with the Tables of 
mortality for every age, from the age of 20 to 80, which, by the example I am about to 
give, will be found to be the case. And to proceed, from having found 

AC= •59461, AS =1*999746, 

we have 

XCe”= -689443; XC6"= -681882; XCS*=-67481; 

CS” =3-88631; ce"=8-81882; CC“=3-76249, 
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and therefore 

M,=Ce”-XL,=|_j®^|=-10168 M„=C5"-XL„={_®”®®|=-17866 

XM,„=I*007S26l XM M =I-22467l XM^I-04747) 

=—99268 ) =—77533) --96253) 


X(-XM»)=199680; X(-XM m )=I- 87814; X(-XM 8O )=l04747. 


To find Q. 

X(-XM*)=l-99680 
X( — XM*)= 1*047 47 

1-04427 

-2X(-XM m )=1-75628 

XQ= 1*28799 
Q= -19408 
1— Q= -80592 


X(l-Q)=l-90629 
£X(l-Q)=T-95336 
Its compt. = -04686| 
X(»=80)=l-47712/ 

x v&a =1 ' 62398 

^i= 33 ' 418 


h =m+«+^==|= 83-418 

h —171=63-418 
h —*»—»= 33-418 


X<r= 


A— A.M*-h»+aA— w— A— aM„— aA— m— » 


SO 


X(— XM m+ „)= T-87814 
1-80223 

1*68037 

1-52081 


X(-XM m )=l-99C80 
X(A— m— w)=l-62401 
1-52081 


30) -16956=Xe 30 
\e = -00531866 
\e*=z -10637 


XX^=X(-XM„) 

-Xe* 


-XA-20J 

xc-xm^i^oso 

-Xa*=l-89363 
— X(A— 20)=2-19777 

XX 2o =2-08820 
X£ 0 = 0-12262 


Formula. 

XL # =C6* — X'*{e*ir— A-Xg-o} 
XC= -59461 A=83*412 
C=3-93197 
X«=-0053186 
XXy 0 = 2-08822 


Proof of work (see the Theorem). 


X(— XM W )= | 

fXXffo =2-0882 

X(-XM M )=fXX 2 =2-0882 

X(-XM M )=rxXj? =2-0882 

j 

X63-418=l-80223 

4X33-418=1-62398 

<X3-418= -53377 

1 

[Ae* = -10637- 

(Ae 30 = -26593 

[x/T = -42548 


1-99680 

1*87811 

1-04745 


4 c 2 
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X . 

Carlisle. 

* 

Milne. 

X. 

Carlisle. 

Milne. 

X. 

Carlisle. 

Milne. 

X . 

Carlisle. 

Milne. 

The 
formula 
give* XL,. 

XL, 

The 

formula 
gives XL,. 

XL,. 

The 

formula 
gives XL,. 

XL, 

The 

formula 
gives XL,. 

XL, 

- 


3*81323 

3*8102 

28 

3*75759 

3*75952 

46 

3*67106 

3*66811 

64 

3*48635 

3*49734 

11 

3*81113 

3*80823 

29 

3*75397 

3*75557 

47 

3*665 69 

3*66l62 

65 

3*47298 

3*47972 

is 

3*80809 

3*80618 

30 

3*75619 

3*75143 

48 

3*65771 

3*65523 

66 

3*45128 

3*46150 

13 

3*80564 

3*80400 

31 

3*74623 

3*74702 

49 

3*65051 

3*64915 

67 

3*43176 

3*44264 

14 

3*80237 

3*80175 

32 

3*74222 

3*74257 

50 

3*64309 

3*64316 

68 

3*41090 

3*42292 

15 

3*80089 

3*79934 

33 

3*73870 

3*73815 

51 

3*63513 

3*63729 

69 

3*38863 

3*40226 

16 

3*79694 

3*79664 

34 

3*73398 

3*73376 

52 

3*62707 

3*63104 

70 

3*36540 

3*38039 

17 

3*79354 

3*79373 

35 

3*72957 

3*72933 

53 

3*61853 

3*62439 

71 

3*33865 

3*35776 

18 

3*79070 


36 

3*72548 

3*72485 

54 

3*60917 

3*61731 

72 

3*32065 

3*33102 

19 

3*78792 

3*78767 

37 

3*71984 

3*72024 

55 

3*59321 

3*60991 

73 

3*27909 

3*30038 


3*78454 

3*78462 

38 

3*71501 

3*71550 

56 

3*59022 

3*60206 

74 

3*24834 

3*26505 

21 

3*78145 

3*78154 

39 

3*71112 

3*71063 

57 

3*58953 

3*59373 

75 

3*21177 

3*22401 

22 

1 3*77822 

3*77851 


3*70380 

3*70544 

58 

3*56774 

3*58456 

76 

3*20301 

3*18041 

23 

3*77501 

3*77546 

41 

3*69939 

3*69975 

59 

3*55672 

3*57392 

77 

3*12399 

3*13322 

24 

3*77167 


42 

3*69491 

3*69373 

60 

3*54427 

3*56146 

78 

3*08460 

3*08386 

25 

3*76828 


43 

3*68929 

3*68744 

61 

3*53269 

3*54667 

79 

3*06272 

3*03383 

26 

3*76483 

3*76612 

44 

3*68313 

3*68106 

1 62 

3*51806 

3*53084 

80 

2*97895 

2*97909 

27 

3*76125 

3*76290 

45 

3*67643 

3*67459 

63 

3*50241 

3*51428 





Art. 13. The very near coincidence of the result of the formula 

XL,=C€* — h.Xq u } 

with Mr. Milne’s Table, from the age 10 years to the age 80, that is to say, for seventy 
years in continuance, appears strongly demonstrative of the near proximity of the above 
formula to the law of mortality ; and from the uniformity of the progression being evident, 
which uniformity in Milne’s Table does not equally appear, gives reason for a preference 
for the number deduced from the law, to those of Milne’s Table, for adoption. But it will 
appear that notwithstanding this agreement of the result of the formula whose constants 
C, 6, e, h, q 0 are obtained, the first two of them from the values of d in the two formulae 

in my paper of 1825, which treats of the formula 1 L lt —(l.g\ , the one being obtained by 
the vital rule of three, by the selection of the three ages 20, 40, 60, the other by the 
selection 60, 80, 100, and the other three constants, namely e, h , q 0 , by help of those 
constants C, €, by only three selected ages at thirty years’ distance from each other, 
namely the ages 20, 50, 80 ; and though the vital rule of three is here constructed on a 
more recondite analysis than the former ; still that uniformity and that interesting coin- 
cidence does not subsist with ages less than 10, nor with ages above 80, and especially 
for ages from birth to the age of a few months ; because the more correct formula seems 
to require three additional terms discoverable by investigation. These I find to be of the 
form Jcf, Ice*, p*, where ,e, k , «, p, v are all constant quantities, and of such peculiarly 
interesting values, that I feel it proper to draw the reader’s attention to their values, 
their effects, and the mode of the discovery of them. The effect of the first, com- 
mences at birth in its greatest value, but at the expiration of one month sinks to com- 
parative insignificance, and before the end of one year leaves no appreciable signs of its 
existence ; the second, kf, arises in its effect with birth, but continually decreases in 
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effect till the age of about 21 in the Carlisle mortality, and then and after, through the 
remainder of life, becomes of total insignificance ; and the third term does not come 
into appreciable effect for calculating the number of living till the age of about 80 ; 
though for anticipating the number of living which will result from some age to ages 
above 80, for the purpose of calculation, its effect cannot be overlooked when the age 
from which the anticipation is necessary is some years less than 80. And the methods 
of finding, those constants which I have adopted will now be explained. Paying atten- 
tion only to the additional function fa*, the formula will stand 

+£g'— M, j 


where M stands as above for K~ l {e*.x—h.'kq 0 } ; and putting XL,+M,— C6*=K^ for the 
sake of brevity, and taking, in order to have two equations, in order to find the two 
constants k, e, two values of x, namely #=1, x=2, we shall, from Milne’s Tables having 
XL,, XL,, and from the known values of C£= 3*92971, C6 8 = 3*9271, and the values of M, 
and M 2 , have the value K, and K a ; and as we have £g=K,, £g a =K 2 , we have 



, , K, K? 
“ d *=T= K? 


that is, _ __ 

Xg=XK a -XK 1 =l-79811, and x£=l-16855, g=-62822, £=-14742. 

These values of k and g being now known, we introduce the term ,£,g', and we shall 
have 


and consequently 


XL,=C£ r + ^g’ + fa* — M, = K, — M, + ,£, t* 
]cf — XL,+ M, — K, ; 


put this =,K, for the sake of brevity, and we shall have ,£,**=,!£,; and in order to 
have two equations for the purpose of finding Jc and ,g, take for x the two ages of #=0, 
that is, the age of birth, and #=iV, that is, the age of one month, and we have the two 
equations 

as e°=l, and /r / g*= / K fs , 

and we obtain _ __ __ 

£,= •02266, X,£=2-35526, X,g*=l-27720, X,g=9-3264*. 


It now remains to find p, v of the expression pv* ; which only is of appreciable value 
when ,£,«*, ks* become perfectly of inappreciably small consideration ; that is, in the case 


* In deducing the above values of ,£,*, there were some slips of tho pen : for instanco, taking &= *14042 
for £= *14742, so that ,k was taken too large, namely -02266 by -007, and should be taken therefore = -01566 ; 

this change will require a change in the value of which is obtained by making some slight alteration in 
Milne’s date for L^, that is to say, for the age of ono month, and that change I have made in my calcula- 
tion to an increase of eight years, making L 1 j 1i =9475 instead of 9467, which is as likely to be correct as the 
other. Some small alteration I thought I found necessary in order not to get into imaginary quantities, and 
my calculation gives X, **=1-48767, X, *=7-25104, and of course the formula gives XL^=9475 to be 
adopted, though for the first months of age the last may be retained. 
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where the equations may be considered 

>I, x =iC€—-k-'{er.x—h.\q 0 }+pf-, 

and therefore, putting XL # -J-M # — C6*=Q„ we shall have /a»'*=Q*. 

The operations for As, A #, A,s, A ft, and A/a, Ay, the logarithms of the constants in the 
general formula 

AL,= C&+fr+te- A - 1 {<f. ar— h . Aft } 

are as follow: — 

For As, A£, __ 

A^s=AK l =2*96666, A#6*=AK,=2-76477 

— A#s=2-96666 

As=r-79811 

A#s=2-96666 

Airs— As=A^=r-16855 

k= -14742 

For A/ 1 , A,e, 


ALo= 4-00000 

C=3-93I97 

AL^=3-97621 

Ce*=3-93179 

M 0 = -09605 

k— -14042 

M*= -09505 

#s*= -13518 

4-09505 

407239 

4-07126 

4-06697 

-4-07239 

4-06697 



Jc= 02264 

/r <8 *= -00429 

A^s*=3-63246 


A / #=2*35526 

« 

-A < #=2-35526 

A,s*=I-2777 

A / s=9*3264 

A / #=2-35526 


For A/a, A*. 



A/a-J- 90A*=AQgo 1 

ALgo— 2*15229 iXLjo, 

= -95425 AQ 100 = 

•33421 =Ap l## 

A/a+100A*=AQ 10O J 

M #0 = 1-74908 M 100 

=4-91349 AQgo= 

:T-23042=A/ai^ 


3-90137 

6-86774 

1-10379=A* ,# 


3-73138 C€ 1M 

=3-70336 A*= 

•110379 


Qgo= *16999 Q,oo 

=2-15888 



And w© have 


0=3-931968; €=*99942; XC=-59461, x€=T -99974617; 

#=•4742, X#=I-16855; Xs=T-79811; ,#=-015622, X,#=2-l 824; 
*=1-01247, X*= -005 3 186 60; £,=1-0286, X£ 0 =-012262, AA£,=’2-08822 ; 
X^=7 26104, x/^1-43767; 

#=83-418; /a=@ 1978, Xj»=IT-29631; *=1-2894, X*=-110879; 
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which will give an easy means of regularly finding the value of L„ the number of per- 
sons living out of the number I*, the number taken for the birth, as a base, for every 
year of age to 100, or beyond that if the accuracy can be depended on beyond 100 ; 
and, what will be interesting to the reader in favour of the formula, it will give the 
number agreeing with Milne’s Table living for the monthly portions of the deaths of 
children below one year of age with a very satisfactory agreement, considering that per- 
fect accuracy in Milne’s Table cannot be expected to exist, owing to the scanty means 
he could have had for that purpose. In a paper I presented for consideration to the 
fourth section of the International Statistical Congress, already referred to, held during 
the week commencing on 16th July last, “ On the one uniform Law of Human Mortality 
from the age of Birth to extreme old age, and on the Law of Sickness,” which was honoured 
by its publication among its reports, I only offered hints, without the abstruse mathe- 
matical portions being brought forward of this paper which I am venturing to offer to this 
Society; which I felt was partly a duty I had to perform ; namely, to add my small services 
to the Congress; especially in consequence of the insufficient state of my health ever 
since and before I attempted to search into my former published and unpublished papers 
on the interesting subject of Vital Statistics, and useful Application of the Results, with 
a view to improve, and add matter of interest to the subject; which I flatter myself I 
had treated on with some approbation from the scientific public ; and being doubtful 
if I should be able to offer even the paper I had so far completed for the approbation 
of the Society, I therefore feel satisfied that my having given these slight hints will not 
be a cause to render this attempt to bring these few pages before the Society unaccept- 
able, especially as, since the hints were written, I think I have discovered a greatly 
improved form of the formula of mortality, and a more satisfactory one. The formula 
of mortality which in these hints was given was 

XL,=constant+A;e*— w£— P„ P, being =9. 

where all the values on the right-hand side of the equation are constant except x, from 
birth to extreme old age, including 9, to, and u ; and 9 very nearly I said unity, which 
value it was taken ; but I stated I thought it could not be exactly unity, the reason for 
which doubt was that P, having been put for the common logarithm of the number 
whose common logarithm is 9, raised to the power w" aiM ~ u \ if 9 were exactly 1, the 
number whose common logarithm is 9 would be exactly 10, and the equation, of which 
the aforesaid equation is the logarithm, would be 

L # =constant X x C^X D p * ; 

A, B, C, D being constants, and X -1 P,=10“^ ( and it appeared to me that nature 
could not be governed by the conventional notation of the decimal arithmetic. 

Art. 14. In the paper presented to the International Congress, I gave a Table, 
resulting from the above formula, of persons living to the extent of life, from birth to 
the age of 100, and for the age of 1, 2, 3, 6, 9, and 12 months, which appeared to 
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me very satisfactory ; but I do not repeat that Table here, as I have given a Table 
from what I consider the improved formula,: but I gave in that paper the values for the 
four cases, namely, Carlisle, Northampton, Sweden,' and De Parcieux, of the aforesaid 
valuable constants of the formula just stated, and there alluded to ; in this 1 mean to 
subjoin the results for tables of mortality of constants for the last three places, which 
are satisfactory in my opinion. But I am not able to say if, before this goes to press, 
I shall be able to give the results which an investigation of the constants in the for- 
mula, which I consider an improvement of *the other, will give for the last three morta- 
lities. 

Art. 16. The term ‘expectation of life’ in common use is not applied to that which I 
should call the orthodox expectation of life, and therefore, not venturing to discard the 
usual adoption of it, I will introduce the term orthodox expectation of life for that term of 
years to which it is an equal chance whether a person of a given age shall reach or not ; 
and I observe, if the Napierian logarithm of the chance of a person of a given age living 
x years beyond that age be represented by 1 A# + 2 A# 2 -f- 3 Ax 3 + &c., which will be a nega- 
tive quantity, this must be put = — *691472, namely, Napierian logarithm of And the 
value of x which will result from that equation is that which I call the orthodox expec- 
tation of life of that person; and if there be any number of joint lives, and the sum of 
the Napierian logarithms of the chances of each separately living x years be repre- 
sented by A#4-lAt?+ 3 A# 3 -f-&c., if this be put = — *691472, namely, the Napierian 
logarithm of the value of x , which this equation will give, will be the period 
beyond the present to which the joint existence of those joint lives has an equal 
chance of attaining or not attaining ; and as the coefficients 'A, 2 A, 8 A arc very con- 
verging, a very few terms will be sufficient, perhaps merely the first term ; and if there 
be two separate combinations of joint lives, which I will call the A combination and 
the B combination, and the Napierian logarithm of the chance of the A combination 
lasting x years be represented by , A#+ 9 Aa?+ 9 A# 8 -b&c., and that of the B combina- 
tion lasting x years be represented by , Br-f- 9 Btf 3 + 3 Rr a , &c., then if these two be equal 
to each other, and x comes out positive and not beyond the limit of the accuracy of the 
theorem, x will be the term to which it is an equal chance of one combination in parti- 
cular surviving or not surviving the other ; but should x come out negative, that term of 
years does not exist within the limits at least of accuracy of the theorem. 

Art. 16. If there be two sets of lives, which I will call the A combination and the B 
combination, and the separate chances of their existing x years be respectively repre- 
sented by 

1-f- , A#+ a A# 2 -J- 3 A# 3 +&c., and l-f* 1 B#+ 2 B# 2 + 3 B# 3 -f-&c. 

respectively, then the chance that the B combination shall fail during the continuance 
of the A combination, and between the periods t— a given quantity to t=x, will be the 
fluent of 

(l-f-bAr-pA^-PA# 3 &c.)x —fluxion of (‘Bar-pBa^-pB#*, &c.) 
between those limits, because the fluxion of the discontinuance is minus the fluxion of 
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the continuance, that is to say, that chance is equal to 

— (‘B. x—t+^K.x'—t*-^ 3 *K .of—t?, &c.), 
where 1 K=2 S B+ , A‘B; s K=3 s B+2 ‘A 3 B+ 2 A 'B ; 

3 K=4 4 B+3‘A. 3 B+2 2 A. 2 B+ 3 A 1 B; 4 K=5 5 B+4 , A. 4 B : (-3 2 A. 3 B+2 3 A. a B+ 4 A. l B; 

where the law of continuation is evident. And the chance that the combination A failed 
previously to the failure of the combination B, is the fluent of 

( , Aa?4* a A^ a + 3 Aar*, &c.)( l Bi , +2 a B.ri*+3 3 B# 2 i', &c.), 
which evidently is the excess of the chance of the combination of B failing inde- 
pendently of any connecting A, above the chance of the combination B failing whilst 
the combination A exists, and thus we may proceed to successive additional cases of con- 
ditional contingencies with respect to more combinations. Now it is observable that in 
consequence of the great convergency of the coefficients ‘A, 2 A, 3 A, &c., and of ‘B, 2 B, 3 B, 
&c., and of the small values of ‘A and 'B, except very shortly after birth, which result 
from what has been previously stated, if all of them, except ‘A, ‘B, be considered as 
nothing, unless x be very great, the first value will be very nearly expressed by the first 
term — because ‘A. 'B is small of the second degree ; and the second value iii a 
similar way, for a long period in which it shall occur that both combinations fail, is 
very nearly |A,B,.a? 2 — t*, giving an equal chance which shall have failed first; and this is 
a generalization of Mr. Morgan’s hypothesis of two lives only, which enabled him to 
solve questions respecting the lives of three persons A, B, C, contingent on the life or 
death of A, provided B and C be both dead, involving contingencies of survivorship 
between them. But that this law cannot accurately exist for any possible continuous 
law of mortality, I have proved in my paper of 1825, unless of the form L a =e' — 
where e\ e\ e are’eonstant quantities at pleasure, and a the age, and which, in an extreme 
case of e differing infinitely little from unity, is reducible into the form 

if g—e' — e\ and g"—c r ’i , 

e' and e" being infinitely large, differing from each other by a finite quantity, and t infi- 
nitely small, and in consequence g" a finite quantity. But with respect tp the two com- 
binations generally — (and thus is found the chance of one combination failing during 
the continuance of the other combination, or. of its failing after the continuance of the 
other combination, and this is evidently considerably more general than the cases of 
Messrs. Morgan, Baily, and Milne, in which there are only three lives concerned,) — I 
observe that they will give useful practical solutions however many lives are concerned, 
and however complicated the conditions of survivorships may be between them, whereas 
it may be a question if the solutions of those gentlemen, whose memory I respect, are at 
all practical ; especially when there are only tables of single and two joint lives at hand. 
I therefore consider that the solutions I had given to those three-lived questions, and 
to questions of more lives, in my Tract of 1820, to which I refer the reader, which 
were to be derived from calculated Tables of annuities, are worthy of the attention of 
mdccclxii. 4 D 
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scientific inquirers. For instance, the first of them and the following, in which, instead 
of there being only three lives concerned, there are any number: the first question of 
those gentlemen is to find the value of the assurance of the life of A provided in the 
lifetime of B and C; and my solution, expressed in the notation of that .paper, is as 
follows : — •%> representing one year, if the tables are calculated for annual payments; 
n the period from which the assurance is to commence ; m the period to which the 
assurance is to continue ; r the present value of unity due in one year certain at the 
rate of interest involved in the question ; then the value calculated from the Table of 
annuities for every unity assured, the present ages of A, B, C being a, b, c respectively, is 


La— p, b—^p, c- 
L„ 


J a t b t c 


\p m\ a —P* b —hp> C ~\P Li— c-\p^ y 

A “■ T S\ 

^b t c 


a, b-\p, c—hP. 


an extremely small and insignificant quantity being neglected. 

Art. 17. This, with Tables calculated for two joint lives, and the annuities for 
those interpolated from them, instead of being impracticable, as the other solutions 
are, will be found perfectly simple and easy. And in my second Tract, namely that 
of 1825, I gave Tables for calculating the values of annuities at any likely rate of 
mortality to be adopted, and at any rate of interest, and applicable when the lives are 
subject to different rates of mortality, and the same theorem for the value of assurance, 
mutotis mutandis , however many lives B, C, D, E, &c. are proposed to be jointly living 
at the death of A. And with regard to art. 7 of the paper of 1825, I will only in this 
place direct the reader to my solution to the question, which is one of the more intricate 
nature of those given, and solved by those gentlemen. The question being the value of 
the assurance on the first death of A and B, which shall be second or third of the deaths 
which shall happen of the three lives A, B, C, my solution to this question in my first 
paper is simply 


r r r r 


'w' 

p 


P 

Ip 

y 


M-*. 

71 

, m 

i n 

#+ a m 

71 

b , 


r 

n> 


m 


a, b, c; 


that is, half the sum of the assurances of B, of A, of B, C, of A, C, less the assurance of 
the joint lives A, B, C, all of which are easily computed. This solution, when I obtained 
it, seemed to me so enormously superior to those which those learned gentlemen had 
given to it, that I found it necessary to show my readers that they depended on the 
same principles, by reducing the portions of my solutions to the portions of the earlier 
solutions ; and the remaining questions of that section are of a similar superiority to 
the earlier solutions. 

Art. 18. But in making this remark I wish to express myself indebted to those gentle- 
men for their labours, whose names remain honoured in the memory of scientific persons 
who have cultivated different branches of science, and to state I allude to the comparison 
that my readers may follow an improved path if they meet with one, and to remind 
those who may follow with benefit for science others who have trodden down the aspe- 
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rities of the path to repay with gratitude the benefit they have received, and not in 
self-conceit to forget that a dwarf on a giant’s shoulders may see a more extended pro- 
spect of beauties than the giant could ; and hoping to be excused for this digression, I 
will proceed by observing that the best way of solving intricate questions relative to the 
value of life interest, may not at all be, as is usual, to have recourse to the value of life 
annuities. With respect to the expression given above, namely the fluent of 

(l+ I A^+ s A^ ? *+ s -^r s , &c.) X — fluxion of &c.), 

and the one which follows, I observe that if in the two sets of combinations of lives all 
the lives of the combination A were required to be living, and a specified number of 
specified persons of the combination B were also required to be living, and the assurance 
is to be on the failure of the remaining portion of joint lives in the B combination, pro- 
vided all the lives of the A combination and all the lives specified of the B combination 
were also living, then the solution would be the same, with the exception that all those 
specified lives of the B combination must first be transferred to the A combination ; this 
must be evident ; but it is mentioned that in case with respect to the B combination 
only a certain number specified, without specification of which lives of the B combination, 
are to be living, the question may be solved with this difference, that the sum of all 
the values must be taken which will occur by the various modes of withdrawing the 
specified number from the B combinations ; but there are cases where a less laborious 
mode may apply. 

Art. 19. But returning to the originally expressed combinations A and B, suppose it 
were required to find the value of an insurance of unity on the failure of the combina- 
tion B, provided it happened during the continuance of the combination A. Let the ex- 
, pression l+ , A^-f-*A^*+ B Ait s , &c., instead of representing, as before, the anti-Napierian 
logarithm of the sum of all the Napierian logarithms of the chances of existence of the 
different lives separately in the combination A, now represent the anti-Napierian loga- 
rithm of that sum, having the coefficient of the first power of x increased by the Na- 
pierian logarithm of the present value of unity due in one year at the rate of interest 
to be involved in the calculation, then the fluent of the expression 

(l-pAtf+’Atf’+’A# 8 , &c.)X(-'Bi— 2 . *Bxx-3. Wir, &c.), 

instead of being the chance of a failure of the combination B between the given period 
and x during the continuance of the combination A, will be the present value of unity 
payable on that event taking place, and so of others. For instance, if only three lives of 
the present ages o, 6, c were concerned, then the value of the assurance on the life A, if 
it happened in the lifetime of B and C, which is the first of art. 6 in my paper of 1820, 
would be solved thus: supposing the present ages of A, B, C to be a, b, c, and the 
Napierian logarithms of 

Lg+« L 4 +# Lc+41 

L a » U ’ U 

to be respectively 

A 1 tf+A*r , -f-A 8 #*4- &c., B^+B^+B^ &c., C^+C^+Ca^-f- &c., 

4 d 2 
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and the Napierian logarithm of the present worth of unity certain in one year to be g, 
find the anti-Napierian logarithm of 

f-|-A,.a:+A 2 a: 3 4 -A 3 ir J + &c., 
and the anti-Napierian logarithm of 

33,-f-C, -J- &c., 

which will be easily done by the method explained above, and will only require a few 
terms in consequence of the coefficients of x in the above expressions being small ; and 
calling the first analytical anti-logarithm 

l-PA#+*Aa?+ 9 Aa?* &c., 

and the second 

l+ I B#+ s B# a 4* 3 B# 3 &c., 

and putting the fluent of minus the fluxion of the first 

— ( 1 Aar+2. 3 Aa , i+3. 3 Aar 1 ^, &c.), x(l+ 1 B.r+ 3 i3^ 3 +&c.)= 1 K^H- 3 K^+ 3 Kr 3 ir } &c., 
then the value of the assurance for the term commencing in t years and ending in x 
years will be 

l Kr=T-f £. »K* 5 '- * 2 -B. 3 K. # 3 - 1\ &c., 

and will not require many terms, and the equation is thus solved without the Tables of 
the values of annuities ; and in a similar way are other questions of this species ; and 
the solution in the more compounded cases of art. 7 of my first paper, such as example 1, 
taken from Messrs. Baily, or Milne, or Mr. Mobgan’s original paper, which is the 
foundation of them, containing an interfnediate conditional contingence of survivorship, 
and which in my paper above alluded to contains the double fluent reducible to a single 
fluent multiplied by a variable quantity, and a single fluent added, and the solution in 
much more intricate cases, and containing any number of lives, and even a long string of 
intermediate contingencies which would involve double, triple, quadruple, &c. fluents, 
&c., may be effected. As a simple example, suppose there were three separate com- 
binations of lives, which I will call A, B, C combinations of lives, and it be required to 
find the value of an assurance on the failure of the C combination after the failure of. 
the B combination, the A combination having failed previously, provided that failure 
should happen during certain given periods. First, find by the method above the analy- 
tical value of the contingency that the B combination shall fail after a given time, the 
combination A having failed previously ; and suppose this to be 

K + 1 K# -f- + &c. ; 

and having found the anti-Napierian logarithm of 

, , *K , 2 K . , 3 K , . 

1 4 “ j ^ x “j" x "4* x ? ^ &c.j 

and having found the Napierian logarithm of the separated chances of every life in .the 
combination B being living, and added the sum to the Napierian logarithm of 

'K S K 

1 “J- ■ | &C., 

and having found the anti-Napierian logarithm of this sum, and multiplied this by K, 
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call this 

• H+ , H^+ s Ha? s -l -8 H^, &c., 

then on multiplying minus the fluxion of this by the anti-Napierian logarithm of the 
sum of all logarithms of the separate chances of each life in the combination C being 
living, increased by gx (previously § being the Napierian logarithm of the value of unity 
certain due in one year at the rate of interest to bo involved in the calculation), the 
fluent of this will give the value required, and will not require many terms of the result- 
ing series, which I represent by 

& c ., 

t being the period of commencing of the assurance. 

Art. 20. And much more intricate cases may occur in valuations of property offered to 
the public and to reversionary companies. But instead of in this place dwelling on the 
intricacies which may occur, I will refer to art. 5 of my paper of 1820 with respect to 
calculations referring to the formulae of the convenient notation there used, 

r 
p 

n 

m a , 0 , C, &C 

• | V V 

in which I have developed the various combinations and their connexions of annuities 
of 1, 2, 3, &c. joint lives which would come into the calculation, which I derived by 
the development of the expression 

(#E a> n +D fli n ) x (*E Ai „+D Ai „) x (aE C) n +~D Ci „) x &c.=l, 

when $=1, where E„ >n , E A> n , &c. denote the chances of persons of the ages a, b, &c. 
being living in n years, and D„_ D Aj M the chances of their being then dead ; and in 
consequence 

E a> „ n — 1 , E a ,,+D a>b = 1, &c., 

the x attached to the E being supposed =1, but only introduced, as x, to point out, by 
its exponent in the development, the various combinations of persons on which the 
annuities are to be calculated, if, previously to the development, D„ „, I\ n be expunged 
by the equations 

D a>n =l — E„ n , E A n =l— E a „, &c. 

But had we introduced y, also a representative of 1, and written the expression 

n » X xY^~+yD b> n X &c. =1, 

and not expxmged D, the exponents of x and y in the developments would represent the 
combinations and connexions of the various cases which would occur of persons living 
and persons dead in connexion With each other in the time n ; so that if we chose to have 
Tables constructed on a certain number of the persons being dead of the whole number, 
we might have a variety of modes of calculating the value of life contingencies, instead of 
being dependent on the value of joint lives; but I do not mention this by any means as 
a recommendation, but quite the contrary. But if Tables of the reversions of annuities 




540 


MB. B. QOMPEBTZ ON THE SCIENCE 

enjoyed by any number of joint lives were calculated, they would in many cases be 
more convenient than the value of annuities on joint lives ; as, for instance, if we had 
to find the reversion of an annuity on three lives now aged a, b, c, we should only have 
to search the Table of the reversion on three joint lives, and we should have the value 
at once : but if the calculation were to be made by methods above, and we represent the 
anti-Napierian logarithm of the present expression, as we did that of the former expres- 
sion, by 1 Sr -f- 8 S < r l -j- ^r 3 , &c., the present value of the annuity of which the first payment 
is to be in the time w, and the last in the time z, will be represented by the expression 

X X X X 

r r r r 

P x r^+PS * r" +1 +P a S ; r" + *+ P 3 S * r n+3 , See., 

where it may be observed that if the condition of the deaths, say of a, /3, y, did not enter 
the question, this formula ought to be the same as the first, which would require P to 
be 1, which may appear a paradox ; but the paradox is solved if we consider the con- 
dition would be the same if they entered in the question or not, if they could not die ; 
that is to say, if p a , See., and consequently P be =1. Then, by means of the 

Collecting Table, the value of the above series will be given. 

Art. 21. The valuation by the old methods of annuities depending on such compli- 
cations, by the aid of Tables of only two joint lives, as the value of the annuities on 
three, four, five, &c. joint lives can only be obtained from them by very troublesome 
interpolations of very inaccurate results, evidently calls for an improved method. For 
instance, if the annuity depended on the joint existence of three lives of the present 
ages of a, b, c after the existence of all the lives d, e, f, the labour and insufficiency in 
point of accuracy of that mode of valuation will immediately appear; because, the 
chance of each of them individually being living in x years being for the sake of ease 
represented by a, b, c, d, e,f respectively, by multiplying out at length the chance of 
the conditions required being fulfilled, that chance will be then represented by 

afoxl—dxl — ex w '=abc—abce—abcd--abcf-\-abced-b-abcfe-{-abcfd—abcdef. 

It appears that by the old methods, with only Tables of two joint lives, we should have 
to interpolate the value of one of three annuities of three joint lives, three of four dif- 
ferent annuities of four joint lives, three of five different annuities of five joint lives, 
and one annuity of six joint lives, and the results of every one of these interpolations 
would be inaccurate. 

Art. 22. On special risk, considered with respect to single lives, and on many lives in 
connexion ; and the valuation of certain contingencies ; and of property depending on 
those contingencies and under influential connexion ; I am not aware whether or notany 
one has gone before me on this important subject ; but I have not, in my official practice 
in the science of assurance, lost sight of its existence. And to draw the reader’s atten- 
tion at once to the subject, I will suppose we had the two problems to consider — the first, 
to assure a sum on the extinction of the coexistence of two coexistent lives A, B, com- 
monly called two joint lives, that is, to be payable at the death of the first of the two 



CONNECTED WITH HUMAN MOETALITT. 541 

of them which may die ; and the other problem, to assure the lil^e sum on the death 
of. A in particular, provided it happens in the lifetime of B. 

Then if A and B were of equal age, and both subject to the same law of mortality, 
without any speciality, the value of the assurance in the first case would be just double 
of that in the second case, for however long or however short the assurance might be. 
But if A and B were both sailors, continually together in the same ship, the common 
risk for each by risk of shipwreck, &c. would equally attach to each ; and if the 
assurance were only for a few hours, say, for instance, for one voyage from Dover to 
Calais, so that the risk for time were insignificant with respect to the common unin- 
fluenced risk ; there then would be only to be considered the risk for each not to escape 
the consequence of the wreck ; but the chances would now come into play, of all on board 
being lost, of none being lost, or of a portion, and what portion of them being lost ; and 
that the portion lost were the two A and B, or only one of them, and which one that 
might be, which might depend on the powers of each for swimming ; but should the 
chance be that the wreck, if it happened, would cause the death of both A and B, then 
the assurance for the period of the intended voyage on the death of one of them only, 
of both, or of one in particular named, of this in the lifetime of the other, would be all 
the same. This is but one case of specialities, and specialities of influences of risks. 
And perhaps there are very few. cases of assurances and valuations connected with con- 
joint lives, if any, or even of single, with reference to affections which may arise from 
climate, localities, epidemics, endemics, ancestorial influences, &c., and also epochs, which 
arc not affected by speciality ; but though the subject may be very interesting, I have 
not in this paper entered largely on it, but will only now touch on a portion of it which 
may be found by my readers well worthy of their attention. Suppose by the common 
law- of mortality, uninfluenced by any speciality, out of the number of the age a, repre- 
sented by L a , there would be living in x years the number h a+M ; but that they each for 
any period become subject to an extra risk of death during an infinitely small time, 

t— o&x, where a may, as the case may be, be either a constant quantity or a function of x ; 
then it is evident L 0+ , will not be the number of them living in x years ; and to find 

what that number would be, suppose it represented by M x ; then its fluxion M x , on the 
supposition that the lives of the then existing number were not deteriorated by the 
pre-existence of those specialities to that period, would evidently be 

•L'a+.r 

But it is to be observed that this supposition is not necessarily tenable, but it would be 
so in case the circumstance of speciality was transient after the moment of its opera- 
tion ; such, for instance, if it were a wreck at sea, leaving no effects ; and therefore I 
shall at present only consider the case when the hypothesis is tenable. And resuming 
the equation, we have 


M. L, 
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and supposing a to be constant, tliat is to say, supposing the circumstance of speciality 
to cause a constant instantancity of effect, we shall have 


M, 



and therefore if represent the number whose Napierian logarithm is 1, that is, if « 
be put for e-1, then, because M 0 =L o , we have 

M a+ ,=L a+ ,Xtf " 


If a were very small, which would be the case if the speciality depended on the risk of 
death by shipwreck, which might be but 1 or 2 per cent, per annum to a sailor either 
always at sea or occasionally at sea, then the above expression would give M a+ „ the 
number out of L fl living who would be living in x years 

— — I J a * X 1 (&•&• 


Art. 23. No. 1. This Table of Napierian Logarithms of persons living at every Age 
according to Milne’s Carlisle Mortality will be found useful ; I have therefore given it. 


x Ago. 


0 

9*21034 

i 

9*04322 

2 

8*95854 

3 


4 

8*85338 

5 

8*82434 

6 

8*80627 

7 

8*79392 

8 

8*78508 

9 

8*77848 

10 

8*77338 

11 

8*76889 

12 

8*76405 

13 

8*75904 

14 

8*75385 

15 

8*74830 

16 

8*74219 

17 

8*73536 

18 

8*72847 

19 

8*72144 

20 

8*71440 

21 

8*70738 

22 

8*70025 

23 

8*69333 

24 

8*68626 

25 

8*67914 

26 

8*67180 

27 

8*66441 

28 

8*65661 

29 

8*64788 


8*63799 

31 


32 

8*61758 

! 33 



x Age. 


34 

8*59739 

35 


36 

8*57678 

37 


38 

8*55526 

39 

8*54403 

msm 

8*53208 

41 

8*51899 

42 

8*50512 

43 

8*49064 

44 

8*47595 

45 

8*46105 

46 

8*44613 

47 

8*43120 

48 


49 

8*40479 

50 

8*38868 

51 

8*37526 

52 

8*36077 

53 

8*34555 

54 

8*32918 

55 

8*31214 

56 

8*29405 

57 

8*27487 

58 

8*25375 

59 

8*22924 

60 

820056 

61 

8*16650 

62 

8*13006 

'63 

8*09193 

64 

8*05293 

65 

8*01235 

66 

7*97039 

67 

7*92696 


x Age. 


68 

7*88156 

69 

7*83400 

70 

7*78344 

71 

7*73061 

72 

7*66996 

73 

7*59940 

74 

7*51806 

75 

7*42357 

76 

7*32317 

77 

7*21450 

78 

7*10085 

79 

6*98564 

80 

6*85961 

81 

6*72982 

82 

6*62274 

83 

6*43455 

84 

6*27019 

85 

6*09807 

86 

5*90536 

87 

5*69036 

88 

5*44674 

89 

5*19850 

90 

4*95583 

91 

4*65396 

92 

4*31749 

93 

3*98809 

94 

3*68888 

95 

3*40129 

96 

3*13549 

97 


98 

2*63906 

99 


100 

2*19722 
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* 

Art. 23. No. 2. Power-collecting Table referred to at 4). 640. 

• 


x and 
x\ 

8x. 

a* 

j Sx*. 

I 

X*. 

&T 3 . 

X*. 

S* 4 . 

1 **• 

1 

&r». 

1 

1 

1 

l 

1 

1 

1 

1 

1 

1 

2 

3 

4 

5 

8 

9 

16 

17 

32 

33 

3 

6 

9 

14 

27 

36 

81 

98 

243 

276 

4 

10 

16 

30 

64 

100 

256 

354 

1024 

1300 

5 

15 

25 

55 

125 

225 

625 

979 

3125 

4425 

6 

21 

36 

91 

216 

441 

1296 

2275 

7776 

12201 

7 

28 

49 

140 

343 

784 

2401 

4676 

16807 

29008 

8 

36 

64 

204 

512 

1296 

4096 

8772 

j 32768 

61776 

9 

45 

81 

285 

729 

2025 

6561 

15333 

I 59049 

12083® 

10 

55 

100 

385 

1000 

3025 

10000 

25333 

j 10000® 

22085 ® 

n 

66 

121 

506 

1331 

4356 

14641 

39974 

J 16105® 

38188® 

J2 

78 

144 

650 

1728 

6084 

20736 

60710 

24883 (T) 

63071 (0 

13 

| 

91 

169 

819 

2197 

8281 

28561 

89271 

37129® 

10020® 

1 14 

1 

105 

196 

1015 

2744 

11025 

38416 

12769® 

53782® 

15398® 

15 

120 

225 

1240 

3375 

14400 

50625 

17831 ® 

75938® 

22992® 

16 

136 

256 

1496 

4096 

18496 

65536 

24385 (l ) 

10476® 

33468® 

17 

153 

289 

1785 

4913 

23409 

83521 

32737 (0 

14199(2) 

47667® 

18 

171 

324 

2109 

5832 

29241 

10498® 

43235 ® 

18896® 

66568 ® 

19 

190 

361 

2470 

6859 

.36100 

13032(1 ) 

56267 ® 

27461 ® 

91324® 

20 

210 

400 

2870 

8000 

44100 

l6000(l) 

72267 ® 

32000 ® 

12333® 

21 

231 

441 

3311 

9261 

53361 

19448 (l ) 

91715® 

40841 ® 

16417® 

22 

253 

484 

3795 

10648 

64009 

23426 (l ) 

11514(2) 

51536® 

21571® 

23 

276 

529 

4324 

12167 

76176 

27984 ® 

14312® 

64363® 

28007 @ 

24 

300 

576 

4900 

13824 

90000 

33178 (1 

17630® 

79627 ® 

35969® 

25 

325 

625 

5525 | 

15625 

10563(T) 

39063 ® 

21536® 

97658 ® 

45735 ® 

26 

351 

676 

6201 

17576 

12329© 

45698 ® 

26106® 

11881® 

57616® 

27 

378 

729 

6930 

19683 

14288® 

53144(l) 

31421® 

14349® 

71965® 

28 

406 

784 

7714 

21952 

16484 ® 

614 66® 

37367® 

I72IO®) 

89175® 

29 

435 

841 

8555 

24389 

18923® 

0 

QO 

<H 

N 

O 

44640® 

2051 1 ® 

10969® 

30 



465 

900 

9455 

27000 

21623® 

81000® 

52740 ® 

24300 © 

13399® 


MDCCCLXIJ. 4 E 
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Table (continued). 


x and 

or 0 . 

Ox . 

n 

S*V 

a* 

So* 

4T 4 . 

ar*. . 

X*. 

s*®. 

31 

496 

961 

10416 

29791 

24602 i l"} 

V 

92352 (7) 

61975(2) 

28629 ® 

16262 @ 

32 

528 

1024 

11440 

32768 

27878 (l) 

10486(2) 

72461 (7) 

33555 @ 

19617® 

33 

561 

1089 

12529 

35937 

31 472 (T) 

11859(2) 

84320 ® 

39135® 

23530 @ 

34 

595 

1156 

13685 

39304 

35403 (T) 

13363(7) 

97684® 

46435 (3) 

28074 © 

35 

630 

1225 

14910 

42875 

39690 (7) 

15006(2) 

11269© 

52522 (3) 

33326 ® 

36 

666 

1296 

16206 

46656 

44356 (V) 

16796(7) 

12949® 

60466 @ 

39373 ® 

37 

703 

1369 

17575 

50653 

49421 (l) 

18742(7) 

14823® 

69344@ 

46307 ® 

38 

740 

1444 

19109 

54872 

54908(7) 

20851 (7) 

16909® 

79235® 

54231 ® 

39 

780 

1521 

20540 

59319 

60840 (l) 

2 3134(7) 

19223® 

90224 ® 

63253 (4) 

40 

820 

1600 

21140 

64000 

67240 v 1 ) 

25600 (?) 

21782® 

10240(4) 

73493® 

41 

861 

1681 

23821 

68921 

74132(7) 

28258 (i) 

24607® 

11586(4) 

85079 © 

42 

903 

1764 

25585 

74088 

81541 (V) 

31117(2) 

27719® 

13069(4) 

98144© 

43 

946 

1849 

27434 

79507 

89492 ( 7) 

34188(2) 

31138 3) 

14701 © 

11285(5) 

44 

990 

1936 

29370 

85184 

98010 (l) 

37481 (7) 

34886 ® 

16492(4) 

11934© 

45 

1035 

2025 

31395 

91125 

10712 ® 

41006(2) 

38986® 

18452® 

14780® 

46 

1081 

2116 

33511 

97336 

11686 (7) 

44775 (2) 

43464 ® 

20596 © 

16840© 

47 

1128 

2209 

35720 

103823 

12724 (2) 

48797 (2) 

48345 © 

22935 ® 

19133© 

48 

j 1176 

2304 ' 

38024 

110592 

13830 (2) 

53084 (2) 

53652® 

25480 © 

21681© 

49 

1225 

2401 

40425 

117649 

15006(2") 

57648 (2) 

1 

59467(3) 

28248® 

24506 ® 

50 

1275 

2500 

42925 

125000 

16526 2) 

62500 (2 ) 

65667 (3) 

31250® 

27631 © 

*1 

1326 

2601 

45526 

132651 

17583(2) 

67652(2) 

72432 ® 

34502(4) 

31081 © 

52 

1378 

2704 

48230 

140608 

18989 (2) 

73116(2) 

79743® 

38021 (4; 

34883 ® 

53 

1431 

2809 

51030 

148877 

20478 (2) 

78905 (2) 

87654® 

41820 © 

39065® 

54 

1485 

2916 

53955 

157464 

22052 2 

85031 (2) 

96137® 

45917® 

43656 © 

55 

1540 

3025 

56980 

166375 

23716(J) 

91506(2; 

10529(4) 

50328 © 

48690® 

56 

1596 

3136 

60116 

175616 

25472 (7) 

98345 (J) 

11512© 

55073© 

54197® 

57 

1653 

3249 

63365 

185193 

27324 (2) 

10556(3) 

12568 ® 

60179© 

62214© 

58 

1711 

3364 

66729 

195112 

29275 (2) 

11316(3) 

13700(4) 

65636® 

66778® 

59 

1770 

3481 

70210 

205379 

31329(J) 

12117(i) 

14911© 

71490® 

73927® 

60 

1830 

3600 

73810 

216000 

33489 ® 

12960(3) 

16207 © 

77600® 

81703® 
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Art. 24. In applying the formula c-L,, the Napierian logarithm of the number of per- 
sons living at the age x, 

=C6* -j- c- (c* .x— -h. (£p) (av* i 

to the useful purposes to which it is serviceable, it stands in need of reduction into 
another, for which might be represented an expression like 

A+B#+Gr*+D# s , &c. ; 


but such a form might not have the converging property requisite for the purpose 
required if x were a large number : but if a represent a certain age, and the age to which 
the law were meant to apply were represented by a+x instead of x, then the formula 

would stand 

c -k a +*=Ce“ + '+,£,6 a+ '+ fo a+M —c-(e a+ * X a+x— h x «^g' 0 )+P’ o+ '» 

and would admit of the terms of each member to stand in the above form of #°, x, x*, 
with given converging coefficients, and each of the members of the last equation would be 
convertible into a converging series for most or all the values which x would be required 
to have ; and therefore the right side of the last equation, which would consist of all the 
developments together, would form a series, as above, which would be convenient, and 
might be expressed by 

A 9 +A,#+A a # 8 +A 3 # 3 -|- &c . ; 

and the Napierian logarithm of the number of persons living at the age a would be 
represented by the first term A 0 of that series ; and the Napierian logarithm of 
that is, of the chance of a person now of the age a being living in x years, would be 


because 6 


a-H r . 

is 


= A -f Aj^r 1 + A aA-’ + & c. , 




, 


because 6, the Napierian €, is very small, and a very few terms of the above series will 
be sufficient. Similarly, jf will be 

P X (1 7++&X* &c -) » 


and if x is equal to or greater than one, would be of perfectly insignificant value, and 
omissible. 

I may observe that 

6» + '=s“x(l+^+i2y+^£^, &c.) 

is a very convergent series ; and if a be equal to 20 in the Carlisle mortality, or above 
that value, would be of insignificant value, and the term which depends on it omissible ; 
in like manner the term (A.p a+ % depending on v a+ *, which is 


=**X &C ')’ 


will be converging, and will be insignificant whilst a-\-x is less than 80, but will be. 
significant when a+x is greater than 80. 

4 e 2 
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It remains now to consider the important term c-{«‘ + 'Xfl+i:-Ae.j 0 }, which for abbre- 
viation I call M a+ ,; and putting h—a=w, we get • 

&c *)} 

= «=- je°. q 0 x w— w.ex— “W.if.# 3 — & c - 

+a:+^ a -f fiy+ &c *) } ; 

consequently, if V a be put =c — e a q 0 w, that is, equal to the anti-Napierian logarithm of 
—e a .<fcw, and we put 

A l =e a q 0 Xl^we; A a =:e a .q 0 xl—\wexe; 

c c e_ * c_ c_ 

1 / 1 \ -.3 1 1 — >3 

A 3 =^e a .^X 1 1 — A 4 = O gn ^Q.l — 4 j » &c -» 

we shall have 

M a + ,=o-{ — d a . A,o,*+ A s ^ 3 + A 4 .r 4 + &c. } 

=V a X^{A,#+A a ^+A 3 r , +&c.} ; 


or making use of the theorem for finding the anti-Napierian logarithm above given, and 
taking A o =0, we have 

M 0+x = V„ x (1 +B 1 #+B a 3?+B a .r s -f &c.); 


and consequently we have, for instance, in the Carlisle mortality, the Napierian loga- 
rithm of 


if 


L 0+x = 1 Ao+ 1 A 1 ^+ , A 3 ar , -f , A 3 ^ 3 , &c., 


l A 3 =C£ a + fcfi a +k6 a — V 0 -fp'° ; 


*A| — C£ . € -j~ ,k,z a . .g-J -ks a > g— -"V" a B, -j -f/jv a . v ; 

CL— CL— CL- 

■A,= ‘- c£. 2+i^.£+|fa*.£-V.B,+|K2 ; 
,A,= 2?s ce ” ' £ + 2^3 A‘“- (L+ fc ‘- 2 - v * + (“"J : 

‘A^&C. A t = &C. &C. 


But here it is to be observed, that if a be equal to one year or more, the term affected 
with ft is insignificant ; and whilst a-\-x is less than 80, in the Carlisle mortality, for 
instance, the term affected with v is insignificant ; and when a is as great as 20, the term 
affected with s is insignificant ; which observation shows that though the values of ‘A*, 
’A„ ‘A, appear intricate, only some of the terms for any value of a come into play in 
them, and that the values have much more simplicity than is apparent, without taking 
• that circumstance into consideration. And, for instance, when a-\-x is between 20 and 
80, or even between about 10 and 80, a being no tless than 10, in the Carlisle Table, 
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there will only be in the values of 'A 0 , *A„ *A„ &c. the terms affected with £ and e; 
and when a is as great as 80, there will be only the terms affected with £, e, and *, as 
those affected with ,t and s will be of total insignificance. And meanwhile it will be 
easy to have a Table calculated for every age from birth, even including the first 
months after birth, which will give all the values of *A 0 , *A„ ‘A,, ‘A s by bare inspec- 
tion. And to illustrate this observation, I will give the value of c_M a+# , according to 
the Carlisle mortality, for the respective values of a, 30, 40, 50, as follows : — 


M 30+ ,=2T7621 — 


' -014087a: 

+ -0003357a:* 

+ -000 

-0033924a.-* 

+ @ 95944 #* 

&c. 


M <0+ ,= 1-99926 


f -021562# 
-j- -00041 6 13a? 
' + © 2839a? 
(7) 12245a: 4 
&c. 


— c_M 40+# =1-73924— ( -030745a: 

+ -00050696a:* 
' +® 26777a: 8 
k + (7) 1395a* 4 
&c. 


Art. 25. But from what has been stated, the result of the analysis of any problem may 
give the present value due the #th year’s payment by an expression of the form of 

A 0 a: p +A 1 a: p+, -+-A 8 a: ,,+3 -f-A^ +3 , &c., 


where A 0 , A„ A a will be determined by the methods explained by the conditions of the 
problem. If we wish to have the present value of the sum due to every yearly payment 
between the values m and n of a:, we have, according to our notation, to find the sum of 


X X 

X 

T 

X 

T 


X 

~T 

the series A 0 »j# ,, -t-A I . 

t: p+I +A 9 .^ 

x p+ *+A a .Z 

# p+ \ where 

m 

n 


signifies, when applied to 


the term # for instance, the sum if +m-|- 2|* up to n p inclusively of m and n ; 

and I therefore give a Table (see p. 543,) which I call a Collecting Table of Powers, to 
facilitate the summation. 

This Table for the collection of powers given does not go to the extent which may be 
required in complicated cases, though it may be sufficient, for instance, for finding the 
value of an annuity on several joint lives, or in cases not very much more intricate ; but 
when the powers required of x are much higher than this Table comprehends, it will 
not be difficult, but, on the contrary, very easy to find the sum of these high powers of 


X 

11 


J ' . 

the series 1, 2, 3, &c. from the well-known theorem that I |# p =l p 4-2 p -|-3 , '-fj; &c. x p by 



548 


MB. B. GOMPERTZ ON THE SCIENCE 


the well-known theorem that the sum is equal to 


P + 1 


+l xP +i ‘£s* P 


1 p.p- l.p-2 1 p.p - Up -2.p-S.p-4 

g* 2. 3. 4. 5 '* 6* 2.3.4. 5. 6. 7 


X p ~ i , &C., 


c 


as very few of the terms will be sufficient, perhaps only the first term, or the two 
first terms, or the three first terms, in which several cases the theorem will stand 
1» , _1_2 p 4-3 ,, + &c. . . . of, respectively equal to 


a?P+* . 
p + 1 ’ 



X p ~'X 




And to explain why high powers may be required, I may first mention that the yearly 
payments which the question may require to be made may not all require to be of the same 
value, but of values depending on the time in which they arc to be made, or in other 
words, some function of x : if, for example, the payments were uniformly to increase as 
x increased from one to two, to three, &c., and if the corresponding payments were to be 
one pound, two pounds, three pounds, &c., then each term of the series A+Rr+Gr 8 , &c. 
which would express the function of the value required for every value of x from 1 to x , 
to be summed, would have to be multiplied by x , and so be changed by that multiplier 
into A#+Rr l 4-Gr 3 -|- &c. ; and the conditions relative to the yearly payments may be 
such as to introduce multiplications of much higher powers of x. And in complicated 
questions, even when the complication is not great, as for instance in the case which 
may not unlikely occur, to find the present value of the reversion of an annuity to be 
granted to the joint lives A, B after the longest life of five other given lives, C, D, E, F, G ; 
were this to be attempted by the method given by authors by Tables of joint lives, even 
though we might have Tables of the value of any number of joint lives for every age 
(which we have not, and in consequence of not having such Tables very insufficient inter- 
polations are to be had recourse to), the labour would be very great. 

We should have, simple as the question appears by its enunciation, to search for the 
value of thirty-two annuities, of which one would be on two joint lives, six on three 
joint lives, ten on four joint lives, ten on five joint lives, five on six joint lives, and one 
on seven joint lives ; but if the question were to be solved by the method explained, we 
should only have to find, by inspection of the Collecting Table, if it extended to those 
high powers, severally the sums of the several progressions 

1»+2 5 +3 5 &c.; l fl +2 8 +3°&c.; F+2 7 +3 7 &c. &c. 

severally multiplied by coefficients, say A„ A 2 , A s , &c., found without much trouble from 
the conditions of the question, such values, A„ A 2 , A s , &c., being of series converging so 
swiftly that a few terms which the multiplication produced would be sufficient. 

And in the operation we should find the notation I have proposed useful, as for instance 
to write (5)234, 789(6), for *00000234, 789000000, as numbers of such description will 
come into operation. 

As the application of the theorem requires an easy mode of finding an analytical 
expression Jfor the anti-logarithm of an analytical expression, and of giving the analytical 
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expression of a logarithm of an analytical expression, 'and as there are or may be in 
some applications of the theorems many entanglements of logarithms in analytical 
expressions, and anti-analytical expressions of logarithms, I will now give different 
methods of operation for those purposes. I will commence by stating that if the ana- 
lytical logarithmic expression is that of the common logarithm, then this must be con- 
verted to that of the Napierian logarithm by the multiplication of the coefficients by the 
Napierian logarithm of 10, that is, by the reciprocal of *4342944, &c. ; but a very feu- 
terms of this decimal will be required. Let the Napierian logarithm be represented by 

A 0 +A l #+A a r a 4-A,# 3 -|- &c., 

and by the notation I have adopted because =-A 0 will express the anti-Napierian 
logarithm of A 0 , that is to say, the natural number of which A 0 is the anti-Napierian 
logarithm, and the expression, namely the anti-Napierian logarithm of 

(Ap+Ajr+A^-f &c.), 

will stand 

<=-A 0 x <=-(A,r+ A*#*-!- A,# 8 + &c.) ; 

but 

«=-( A,# + A^r 3 + A 3 x* + &c. ), 

or the anti-Napierian logarithm of 

(A,rH-A a r 3 -j- &c.), 
is 

=l+A I ar+A a r , 4- &c. -}-^A,^-|-A a ar , + &c^j*+~ A,^r+ &c7f &c. 

— 1 -f - A,r~i- Ag# 3 -}- Agr 3 -|- 

•£Aja?+A,A f & # + A,A s r 4 

+ iA a V 

"t" 2.3.4 Alir4 

and consequently if the anti-Napierian logarithm of Ao-f-A^+Aar 3 -!- &c. be expressed 
by Bo+BjiF-f-Ba^+Bgr 3 , &c., we shall have the following equations between B„ B„ B„ 
&c., and A 0 , A„ A s , See . : 

B 0 =<=-A 0 ; BjrsBjA, ; B a =B 0 (A a -f |A") ; 

B,=B.x (a.+A.A.+ ^a;) ; B.=B.(A.+A,A 1 +iA;+iA;A,+ 2 ^ ri A:), &c. ; 

so that as B 0 , B„ B„ See. are found by these equations from A„ A*, A„ &c., and on the 
contrary, A 0 , A„ A„ &c. are found from B 0 , B„ B„ &c. from the equations 

A 0 — <--B 0 , A,=^xB„ A,=g^xB, — 2 A « • 

A,= X Bj*- - A jAj“- 2^gA| » A 4 — X Bj-^AjA, - gAf - *^ AiAj—g^^Ai) » 
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and where, as will generally be the case, A„ A a , A„ &c., or B„ B„ B s , &c. are a series of 
terms which are very convergent, a very few terms of the said coefficients will be found 
necessary, which is a very advantageous circumstance for our purpose. 

Another mode of finding the anti-Napierian logarithm of the expression 

A,#+A a #*-4-A 3 # s -|-&c. 

is to consider it 

= c-A &c. = ^1 +A 1 a , -|- ^ A*ar s + A?#*+&c. ^ 

X 1 + A a ar‘+^A^ 4 +&c. X 1+A/-I- |AJr®+&c. x&c. ; 


this being multiplied out at length would give what might be considered an easier way 
than the last for effecting our purpose, if many terms were thought requisite. But an- 
other mode of finding the anti-Napierian logarithm of A 1 #-|-A a ff a -J-&c., which would be 
the anti-Napierian logarithm of A 0 -j-A I #-t-A a # a +& c - [f A 0 =0, and therefore B 0 =l, 
would be by result of the equations of A,.r+A 2 # 2 -l-&c.= the Napierian logarithm of 
l-bB 1 #+B JP r 8 -}-&c., by putting the equation in fluxions, which would give 


A, 


-j-2AyT-j*3A^r 3 -}-&c. = 


B, + 2BsX + SBga!' 2 -f &c. 

1 -f-B l a;+B 2 a? 2 +&c. ’ 


this will give the following equation for finding B„ B a , &c., 


and consequently 


A|-j*2A a r -4-3A 3 # a ^-4A 4 # 3 -}-&c. 

+A 1 B l #+2A a B 1 tf 2 -j-3A 3 B 1 # 3 +&c. 
-l-A^aa? 2 + 2A 2 B 2 # 3 -l-&c. 

d-AuB^ +&c. 


= 0 ; 


— B, — 2Ba# — 3B.,# a — 4B 4 # 4 +&c. J 


B,=A i; B a =A a +iA 1 B l ; B 3 =A s +|A a B 1 +iA,B a ; 

B 4 =A 4 +|A 3 B 1 -|-4A 2 B a -|-^A 1 B3 ; B 6 =A 5 +$A 4 B 1 +§ ^A s B a +fA a B a -|-^A,B« &c., 
where B„ B a , B 3 , &c. are found respectively one after the other by a very simple law ; 
and this method may also, if many terms be thought requisite, be preferable to the first 
method, and the equation reversed would give 

A,=Bj, A a =B a -iA,B„ A 3 = B 3 — f A a B, — -jA,B a , A^B.-fA.B, -fAA-f^B,, &c. 


N.B. The calculations which these sheets required were laborious, and necessitated the very frequent, in 
fact the continual use of a table of Logarithms, and the searching for the Anti-logarithms ; and I feel 
pleasure in stating that I found the last edition of Anti-logarithms, published by Mr. H. E. Fxlipowsky, a 
very serviceable assistance, and I have no doubt that calculators in the same path must be glad to possess 
these Tables. 
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Art. 26. The following Table, to show the result of the formula XL,=C€'+ 
• is calculated for Carlisle Mortality. 


Age x = 
XL, formula 
XL* Milne .. 
L* formula.. 
L, Milne .. 

1 

3*92747 

3*92742 

8461 

8461 

2 

3*89062 

3*89092 

7773 

7779 

3 

3*86653 

3*86177 

7274 

7274 

4 

3*85053 

3*84497 

7088 

6998 

5 

3*83975 

3*83231 

6914 

6797 

6 

3*83148 

3*82461 

6784 

6676 

7 

3*82612 

3*81915 

6701 

6594 

8 

3*82162 

3*81531 

6631 

6536 

9 

3*81774 

3*81245 

6573 

6493 

10 

3*81323 

3*81023 

6504 

6460 

Age x = 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

XL* formula 

3*81113 

3*80809 

3*80504 

3*80237 

3*80057 

3*79694 

3*79354 

3*79070 

3*78792 

3*78453 

XL* Milne .. 

3*80823 

3*80618 

3*80400 

3-80175 

3*79934 

3*79664 

3*79372 

3*79071 

3*78767 

3*78462 

L* formula.. 

6473 

6399 

6383 

6334 

6299 

6260 

6219 

6176 

6136 

6088 

L, Milne .. 

6431 

6400 

6368 

6335 

6300 

6261 

6219 

6176 

6133 

6090 

Agex = 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

XL* formula. 

3*78145 

3*77822 

3*77501 

3*77167 

3*76828 

3*76483 

3*76125 

3*75759 

3*75397 

3*75019 

XL* Milne ... 

3*78154 

3*77851 

3*77546 

3*77240 

3*76930 

3*76612 

3*76290 

3*75952 

3*75557 

3*75143 

L* formula... 

6046 

6001 

5957 

5911 

5863 

5819 

5771 

5722 

5675 

5626 

L* Milne ... 

6047 

6005 

5963 

5921 

5879 

5836 

5793 

5748 

5698 

5642 

Age x = 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

XL* formula. 

3*74623 

3*74222 

3*73870 

3*73398 

3*72957 

3*72548 

3*71984 

3*71501 

3*71112 

3*70380 

XL* Milne ... 

3*74702 

3*74257 

3*73815 

3*73376 

3*72933 

3*72485 

3*72024 

3*71550 

3*71063 

3*70544 

L* formula... 

5575 

5524 

5442 

5420 

5353 

5315 

5246 

5188 

5142 

5056 

L, Milne ... 

5585 

5528 

5472 

5417 

5362 

5307 

5251 

5194 

5136 

5075 

Agex = 

41 

42 

43 

44 

45’ 

46 

47 

48 

49 

50 

XL* formula . 

3*69939 

3*69491 

3*68929 

3*68313 

3*6/643 

3*67106 

3*66569 

3*65771 

3*65051 

3*64309 

XL* Milne ... 

3*69975 

3*69373 

3*68744 

3*68106 

3*67459 

3*66811 

3*66162 

3*65523 

3*64914 

3*64316 

L* formula... 

5009 

4954 

4890 

4821 

4747 

4689 

4631 

4547 

‘4472 

4396 

L, Milne ... 

5009 

4940 

4869 

4798 

4727 

4657 

4588 

4521 

4458 

4397 

Age x = 

51 

52 

53 

54 

55 

56 

57 

58 

691 

60 

XL* formula . 

3*63513 

3*62707 

3*61853 

3*60917 

3*59321 

3*59022 

3*57953 

3*56774 

3*55672 

3*54427 

XL* Milne ... 

3*63729 

3*63104 

3*62439 

3*61731 

3*60991 

3*60206 

3*59373 

3*58454 

3*57392 

3*56146 

L* formula... 

4316 

4237 

4155 

4066 

3919 

3892 

3798 

3696 

3603 

3502 

L* Milne ... 

4338 

4276 

4211 

4143 

4073 

4000 

3924 

3842 

3749 

3643 

Age x = 

61 

62 

63 1 

64 

65 

66 

67 

68 

69 

70 

XL* formula • 

3*53269 

3*51806 

3*50242 

3*48635 

3*47298 

3*45128 

3*43176 

3*41090 

3*38863 

3*36540 

XL* Milne ... 

3*54667 

3*53084 

3*51428 ' 

3*49734 

3*47972 

3*46150 

3*44264 

3*42292 

3*40226 

3*38039 

L* formula... 

3410 

3297 

3180 | 

3045 

2972 

2833 

2702 

2576 

2447 

2320 

L* Milne ... 

3521 

3395 

3268 i 

3143 

3018 

2894 

2771 

2648 

2525 

2401 

Age x = 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

XL* formula. 

3*33864 

3*32065 

3*27909 

3*24834 

3*21177 

3-20301 

3*12579 

3*08460 

3*06270 

2*97895 

XL* Milne ... 

3*35736 

3*33102 

3*30038 

3*26505 

3*22401 

3-18041 

3*13322 

3*08386 > 

3*03383 

2*97909 

L x formula... 

2181 

2092 

1901 

1771 

1628 

1596 

1336 

1215 

1155 

L* Milne ... 

2277 

2143 

199J 

1841 

1675 

1515 

1359 

1213 

1081 


Age x = 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

XL* formula. 

2*93253 

2*87351 

2*80613 

2*73383 

2*64479 

2*56753 ! 

2*47561 

2*37526 : 

2*26730 

2-15239 

XL* Milne ... 

2*92273 

2*86034 

2*79449 : 

2*72326 

2*64838 

2*56476 « 

2*47129 

2*36549 : 

2*25768 

2-15229 

Age x = 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

XL, formula. 

2*03631 

1*89820 

1*76150 

1*59630 

1*47969 

1*33147 

1*16301 

1*09266 : 

1-00205 

•95396 

XL, Milne ... 

2*02119 

1*87508 

1*73239 : 

1*60206 

1*47712 

1*36173 : 

1*25527 

1*14613 ) 

1-04139 

•95424 

( 

3 or Birth. 

1 Month. 1 

3Sjj| 

mm 

ft Months. 

9 Months. 1 

2 Months. 

Average deaths per month. 

XL, formula. 

400000 

3*97622 : 

3*96755 

3*96182 

3*94753 

3*93494 

i 

r n first month 0 


XL, Milne ... 

400000 

3*97622 ! 

3*97621 

3*96501 

3*95279 

3*94027 

1 

between 1 and 2 

• 

L, formula... 

10000 

9467 

9279 

9158 

9158 

8609 

1 

between 2 and 3 

a 

L, Milne ... 

10000 

9467 

9313 

9226 

9226 

8715 

1 

1* 

between 3 aud 6 

between 6 and 9 

• 


4 F 


MDCCCLXII, 
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Art. 27. In a paper I had the honour of presenting to the International Statistical 
Congress, in consequence of the flattering invitation I had received to offer my assistance 
towards the scientific objects in view, I presented a sketch of some investigations I had 
been making since the publication of my paper of 1820 and that of 1825, relative to the 
%ubject of mortality, and on some investigations I had since made on the law of sickness 
and invalidity subjects, which I was prevented, in consequence of the absence of suffi- 
cient health, to finish for presentation to the Royal Society, as a supplement to those 
two papers which were honoured by a place in the Society’s Transactions. But in my 
paper I presented to the Congress, I did not show how I obtained the formulae of the 
one uniform law of mortality I presented, from birth to extreme old age, reserving that 
communication for the honour I intended myself to present it to this Society, should 
my health sufficiently recover to render it possible to me, though I presented the 
formula which follows, X*L r = constant -j- k & — ft — nq* — P„ in which XL, represents the 

— i i#) 

common logarithm of the number of persons living at the age x, P ,=6. w\ , k, e, 

ft, p, n , q, 6, w, sr, u constant quantities from birth to the extremity of old age, to be 
found from statistical tables given of the actual persons living at every age in places to 
which the formula is meant to apply ; and these constants I found for Carlisle mortality, 
Northampton mortality, De Parcieux mortality, and Sweden, male and female mixed 
mortality, from the examination of published statistical tables; and I computed for 
these four stated rates of mortality from this formula by means of these constants the 
number of living at every age, and arranged the results opposite the statements, which 
show a remarkably satisfactory agreement between the formula and the statement which 
it is intended to represent throughout, from commencement to every year of age. And 
in the Carlisle Table, where there are data for comparison, for the first months after 
birth, where there appears great irregularity in the deaths, even the close approximate 
agreement seems very interesting ; and the value of the constants there given are in the 
formula resulting when 6 is taken =1, which, though it may not be its exact value, is 
very nearly so. 



%L 

Xk. 

\e. 

|BM 

X t e. 

Xn. 


Xir. 

Xw. 

Constant. 

Carlisle 

90-37 

1*2310 

1-76774 


4-34652 

2*75526 

0126 

1*98952 

1*50837 

3*8631 

Northampton ... 

90-131 

1-43172 

1*72758 

No data. 

No data. 

1-11526 

011213 

1*9954 

1*15125 

3-92650 

Sweden 

96-1371-23562 

1-7918 

No data. 

No data. 

2-8704^ 



1*03727 

3-87142 

De Parcieux ... 

86-21 |2-99 

1-8415 

No data. 

No data. 

1*3323 


1*99293 

1*2250 

3*19130 


I gave the results for the Carlisle mortality to the Congress, which were extremely 
satisfactory, but I did not give the results for the Northampton mortality and for the 
Sweden, and De Parcieux’s mortality, which (though with the exception that for the few 
first months of age these statistical tables give no data) I find, I think, equally satis- 
factory ; but not having sent the results to the Congress, I presume that I am authorized, 
without infr i ng i n g on the rule of this Society not to publish what has been already 
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published, to present, as I have done here, the results for the Northampton mortality ; 
and it was my wish also to insert the satisfactory results I found for the other two, 
but for want of time I am prevented, though I think they would be found interesting. 
The aforesaid formula bears a very different form from the formula of this paper, 

— =M X +^, where x.q-=>, &c., the constants here not 

being represented by the same letters as in the former ; these two differ interestingly 
in appearance, and so much so as to lead to surprise that the result of each, for the 
Carlisle mortality, gives such very near approximation to the Table of observation. I 
was therefore, as both formulae have particular features of interest, induced to examine 
by analysis their analytical analogy. 

Northampton Mortality, from the formula sent to the Congress. 

(From the Northampton formula ; the results being from the formula which was printed 
in the Reports of the International Statistical Congress, which results were not given.) 


1 Age x = 

XL* formula . 
XL* Morgan . 

0 

! 4*06633 
4*06633 

1 

3-93704 

3-93702 

2 

3*86626 

3*86231 

3 

3*82676 

3*83129 

i 4 

, 3*80290 
! 3*80929 

5 

3-78988 

3-79-81 

6 

3*78053 

3*78283 

7 

3*77361 

3*77269 

8 

3*76797 

3*76545 

Age x = 
XL* formula . 
XL* Morgan - 

9 

3*76295 

3*75833 

10 

3*75820 

3*75397 

11 

.3*75355 

3*74992 

12 

3*74889 

3*74609 

13 

3*74418 

3*74218 

14 

3*73936 

3*73822 

15 

3-73444 

3-73424 

16 

3*72941 

3*73022 

17 

3*72425 

3*72591 

Age x = 
XL* formula . 
XL* Morgan . 

18 

3*71897 

3*72115 

19 

3*71353 

3*71592 

20 

3*70797 

3*71029 

21 

3*70225 

3*70415 

22 

3*69638 

3*69767 

23 

3*68737 

3*69108 

24 

3*68119 

3*68440 

25 

3*67785 

3*67761 

26 

3*67135 

3*67071 

Age x = 
XL* formula . 
XL* Morgan . 

27 

3*66468 

3*66370 

28 

3*65433 

3*65658 

29 

3*65080 

3*64933 

30 

3*64359 

3*64197 

31 

3*63619 

3*63448 

32 

3*62859 

3*62685 

33 

3*62073 

3*61909 

34 

3*61281 

3*61119 

35 

3*60460 

3*60314 

Age x = 
XL* formula . 
XL* Morgan . 

36 

3*59618 

3*59494 

37 

3*58755 

3*58664 

38 

3*57868 

3*57807 

39 

3*56958 

3*56937 

40 

3*56025 

3*56500 

41 

3-55067 

3-55132 

42 

3*54084 

3*54180 

43 

3*53075 

3*53191 

44 

3-52040 

3-52192 

Age x = 
XL* formula . 
XL* Morgan . 

45 

3*50977 

3*51162 

46 

3*49888 

3*50106 

47 

3*48770 

3*49024 

48 

3*47628 

3*47014 

49 

3*46446 

3*46775 

50 

3*45196 
3*45591 j 

51 

3-43943 

3-44342 

52 

3*42653 

3*43640 

53 

3*41327 

3*41697 

Age x = 
XL* formula . 
XL* Morgan . 

54 

3*39960 

3*40312 

55 

3*38543 

3*38881 

56 

3*37098 

3*37401 

57 

3*35595 

3*35870 

58 

3*34042 

3*34282 

* • 

59 

3*32433 

3*32034 

60 

3*30763 

3*30920 

61 

3*29028 

3*29134 

62 

3*27221 

3*27277 

Age x = 
XL* formula . 
XL* Morgan . 

63 i 
3*25425 
3*25258 

■ 

64 

3*23361 

3*22350 

65 

3*21286 

3*21272 

66 

3*19111 

3*19089 

67 

3*16812 

3*16791 

68 

3*14363 

3*14364 

69 

3*11771 

3*11793 

70 

3*09040 

3*09061 

71 

3*06097 

3*06145 

Age x s= 
XL, formula . 
XL, Morgan . 

72 

3*02944 

3*03019 

73 

2*99557 

2*99651 

74 

2*95889 

2*95999 

75 

2*91834 

2*92012 

76 

2*87596 

2*87622 

77 

2*82861 

2*82930 

78 

2*77758 

2*77960 

79 

2*72252 

2*72754 

80 

2*63755 

2*67117 

Age x = 
XL* formula . 
XL* Morgan . 

81 

2*59479 

2*60832 

fid 

2*51156 

2*53908 

83 

2*43295 

2*46090 

84 

2*35326 

2*36922 

85 

2*24725 

2*26951 

! 

86 

2*15001 

2*16137 

87 

2*03269 
! 2*04532 

88 

1*90233 

1*91908 

89 

1*76507 

1*79239 

Age x = 
XL, formula . 
XL, Morgan . 


: 91 

1*44327 
1*53479 

92 

1*25940 

1*38021 


94 

1*04019 

•95424 

95 

60181 

60206 

1 96 
34315 
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This Table was not given in the paper written for the (late) International Congress, but 
was calculated for the present, from the formula XL x =.u-\-ki* — jkf—nq* — P,; P, being 
put for all the qualities except x being constant from birth. 

Art. 28. It remains now slightly to touch on the law of sickness, though the subject is 
already mentioned in the paper I presented to the Congress* in consequence of a simi- 
larity, as far as I have had data to discover, with the law of mortality. I gave the formula, 
but not the investigation of that formula ; but I gave Tables of comparison with the 
sickness stated to have occurred in different societies and in different places, which appear 
to be extremely satisfactory as to the approximate agreement with the stated results. The 
formula I gave is as follows : — If S* be the number of weeks of sickness due to a person 
of x in the Society, the log of S,=A+BC*, where A, B, C are apparent constants for a 
long period, to be found by the vital rule of three, from the stated sickness prevailing 
at three selected ages ; and here the apparent constants are evidently not truly constant, 

as their values will slightly change with the selection. The formula S,=A.B| C4r has the 

same form as L»=D.^| ", the theorem of mortality, and, as in that theorem, the elements 
A, B, C, though apparently constant for a less time, depend on three selected ages for 
the determining their values, and are only apparently constant, but afford for a long 
time near approximations to the amount of sickness which occurs in different societies. 
The values of A, B, C of the formula, as determined from statements of societies, I gave 
in my paper presented to the International Congress, with Tables showing the near agree- 
ment with the statements of those societies. I quote from that paper as follows : — 

Selected ages, 25, 45, 65, from Mr. Ansell, all England. 

Selected ages, 25, 45, 65, Town : 

XA=T72778; XB=2*6772 ; XC=*020433. 

Selected ages, 25, 45, 65, Scotland : 

XA=T66237 ; XB=2*41351; XC=*02433. 

Selected ages, 25, 45, 65, Ansell, Town : 

XA=T6511?; XB=T04297; XC=*02818. 

Selected ages, 35, 50, 65, Ansell, Town : 

XA=T92937 ; XB=1*70942; XC=*0165265 

Selected ages, 25, 45, 65, City district : 

XA=T84121 ; XB=2*47741; XC=*009206. 

Selected ages, 25, 45, 65, City : 

XA =1-84121; xB=l*1553 ; XC= *0301685. 

Selected ages, 30, 40, 50, Rural : 

XA =1*85616 ; xB=2*02961; XC= *0301685. 
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There seems to be a distinction between the law of mortality and that of sickness, 
inasmuch as g, in the law of mortality, is a positive fraction less than unity, whereas 
the similar term B in the law of sickness is greater than unity. 

Art. 29. Here I must draw the reader’s very particular attention to the formula 

-jL x =C6*+,£ i 6 4 'H-£s'— where .x — h.q-=, 

9 

where for analytical anticipation it is put in the form 

=- I^ +# =ce* + *+^i° + '+A»- + '— M a+ ,+p* +# ; 


and the two portions ke a+x and pv a+ * are developed into scries proceeding by the powers 
of x, because those series for several of the first terms, when x is at all large, are so 
divergent that in that case they become of no practical service ; and in fact, though, if a 
sufficient number of terms be used, they are ultimately convergent and would lead to 
the true value, they present so formidable an obstacle as to cause, if those series be used, 
a complete refusal of the aid which was expected from them to render the formula 
analytically anticipatory, at least at those periods when these functions have a prevailing 
influence over anticipation ; and if this difficulty had not been overcome by the adoption 
of a subterfuge, which I almost despaired of finding, a great part of the highly im- 
portant analytically anticipating powers of the formula would be destroyed. The series 
alluded to are exhibited as follows : — 


ke a+x =fa a X # a +273 &c.^, 

and 

(iv a + *=p° x & c -)* 


And alluding to the first of these, I observe that in the formula above, when we refer it 

to the Carlisle mortality, _og= 1*79811; <^= — *46427; _z>£=l*16855 ; £=*14742: if we 

wished to anticipate only for ten years forward, ex would be, say about — f , and the series 

c “ 

l+g#+£gjjr a + &c. would be 


1 _® + I ® 
A 2 ' 2 * 2 


9 


2 . 3*2 


- — - _ & c = 

2 . 3 . 4 *2 


9,99 999.9 9 9 9 0 

o i* 2*4 """" 2*4*6 °*4 # 6 *8 """" > 


so that we should not only have to go to the fifth power of x before the series began to 
converge, but to go to much higher powers, whereas the real value of £s 10 sought is but of 
the small value of about *001411, of very small value, which may ,be considered even of 
insignificant value with respect to the total value of c_L„ +il , notwithstanding its perplexing 
annoyance. But if we wished to anticipate for twenty years, although if a is even equal 
to 0, the value of the function lce a+ * is of such total insignificance with respect to the 
other portion of =-L 0+x , being no greater than about *000014,* whilst the value of 
<^-L a+x =3*81023, yet in the development of ki a+x into the series above, the number of 
diverging terms alternately positive and negative of greater value before the series even 
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began to converge would render the development of perfect impracticability, though 
ultimately we could arrive as near as we chose to the insignificant value *000014 ; and I 
found that with such an annoyance it was no use to wrestle, no more than it would 
have been for David to wrestle with Goliath. I therefore was at the pains of finding a 
subterfuge by an interpolation which discards all the terms of a series alternately 
greatly positive and greatly negative, which so nearly destroyed each other’s* effect when 
we arrived to very nearly the true but very insignificant value *000014. I have reason 
to think good mathematicians would think such a subterfuge was unattainable, but 
what follows will show the contrary. 

Art. 30. Calculating the value h°, fa s , h'°, h m , we find the value to form the very 
swiftly converging series, *147424, -014424, -001441, -000188, -00008, and beyond this 
term perfectly insignificant ; so that, if we wished to express the value of 6 s *, where x is 
a whole number, by the common method of interpolation, we might easily do it thus : — 


1+Aj#+ A,*#* x — — ~-j- A s .x. 


x — 1 x—2. * x—l x—2 3 


beyond which term the differences are of perfect insignificance, A„ A a , A 3 , A 4 being 
the first of the several orders of differences of the value kt\ #s 10 , &c. ; and it is 
evident that A„ A,, A 3 , A 4 are respectively lc( 6 s — 1), k(e s — l) 2 , k(s s — l) 3 , &c., which we 
may adopt for the sake of proof, instead of taking the actual difference. And as the 
form in which we obtain the value of h x requires for our purpose to be expressed by a 
series such as I 0 -j- 1 ^ + 1^ + 1 4 # 4 , if the above value of h* be expanded, it will give 


I* ky 


Ai — O Aj+3 A,-— 4 A 4 , 


T \ 1 A , 11 A 

-^-2 “ ■ ~^2 24 




where, as already observed, A 1 =^(g s --1), A 2 =£(s 5 — l) 9 , &c. ; and we find from the 
above values, I 0 , I„ I 2 , 1 3 , I 4 ; and as h R * is therefore if in the 

room of 5x we write x, we shall have the equation 

I,a:+pI>*+| 3 I s ® 8 +-JiI 4 flr 4 = J 0 + J>+ J>*+ V+ V, 


if J 0 _I 0 , J\ — gin Ja — gala* ^s—gsls* and we have 

I 0 = *147422, I 1 =~-253484, I a = + -158862, I s =--042463, I 4 =+-004068, 

J,=I„ ,7,=— -050696, J,= -0063545, J s =-(7)33962, J.=@65088, 

X— J,=2-70497, XJ, =3-80308, X-J s =5-5S100, XJ,=6-81350. 

And with respect to ^ a+Jt , the least value of a may be taken when «=60, as pv a is so 
extremely insignificant if a be less than 60. I will consider the value of p 80+ * first, and 
consider afterwards fjuv 6Q+6+v , if a exceeds 60 by b ; and I observe that p® 0 , f, *v fl0+# , p» w+l# , 
pOo+u, p«o+so f orm a’ regular series ; and here I stop, though this series is of a different 
character from the series yh°, fo®*, h l0M , &c., because the terms of the latter series dwindle 
to such insignificance, but those of the other, on the contrary, continually increase* 
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There may be cases, indeed, when we should not stop,; but though we have not data 
fo* ages beyond 100, the coefficient p in the expression ^v° + ', though taken as suffi- 
ciently expressed by the constant value till a-\-x does exceed 100, is evidently not abso- 
lutely constant ; for if so, a person would be represented to be capable to live for ever ; 
and I therefore satisfy myself by omitting to introduce a term for which I have no data, 
by limiting my term of anticipation to the period when a+x becomes =100. 

I now observe that for the Carlisle mortality (where A/^== 11*29927, Av=-110349), 
p 80 , p 8o+5 , p fl0+1 °, p fl0+,s , p 6o+3 ° give the following series of terms: — 

@83303, @10572, @37662, 013417. 


And adopting the same mode of interpretation as in the former case, and representing 
p 6o+Jf by 


and putting 

IT \r llT ' T 1_'T ' T I IT __ ' T 1 <T IT 

1 # 5 5 s ' 1 ' 2 — "St 53 A 3—” **3) 5? 1 — 


we have 


1 0 = -000083303, '1,=-- -00040315, T,=+-00121095, 'l 3 =- -00065977, 'I 4 =+ -0001489, 
-=>—'Jj=5-98816, -='J a =^-68517, -=>-'J 3 = 6-72248, ^'J 4 =6*23825, 

'J o =-000083303, 'J,=-@97313, 'J a =@484363, 'J 3 =-@52753, \T 4 =@23825.’ 


But here it is necessary to observe, that though these series for finding kt“ +M , p 0+# are 
exactly true with respect to any value of x, if it be divisible by 5 (limited with respect 
to p° +# to the case observed above, a+x not being greater than 100), still they are not 
identical with that expression, as they may differ both in plus and in minus with them, 
if x, when divided by 5, should leave a remainder, say of 1, 2, 3, 4, which are four cases 
of more exact identity ; but as the variance from identity is quite insignificant with 
respect to the value of <=-L a+e , as will be shown further on, it is perfectly allowable to 
use this method without paying the slightest attention to the more absolute identity of 
the expression ; but to proceed to prove this assertion. I represent Jcf by 


Jo”b J iX-^-JgX 3 -\-JgX 3 -j-J 4 # 4 -j- 

and also represent p 84+ * by 


and I am to show that W„ and 'W # are either equal to nothing, or are insignifioaht 
with respect to c_L a+ „ whether they shall turn out to be positive or negative. Now I 
observe in the case where x is divisible exactly by 5, the above investigation shows that 
W„ and 'W„ are both absolutely equal 0 ; and for the rest I will take X, by way of 
example, successively 11, 12, 13, 14, in which x divided by 5 leaves either 1, 2, 3, or 4, 
and where the anticipation is respectively for 11, 12, 13, 14 years. 
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By direct calculation . . fa"— ^000887, fa 13 — ’000637, fa 13 — *000350, fa u =z *0002! 
By the anticipating formula ke"— ’00106, fa n — *00129, fo 13 = *00355, fo u =— *0035; 

W„=— *00018, W ls = — 00075, W J8 =-*00320, W M =+^0037l 

where x is not divisible by 5 ; but in cases where x is divisible by 5, W, is always equal 
to 0, and among the cases the three negative values are 

-*00018] 

-•00075 [=-*00435. 

— •00320J 

Their sum differs very little from the one positive case *00375, and they are all per- 
fectly insignificant compared to the total values of XL„ = 3*808 &c., XL, 8 = 3*806 &c., 

XL, 3 = 3*804 &c., XL U = 3*803 &c. ; but when I say perfectly insignificant, I mean with 
respect to the chance of living, — though that difference would, in a small degree, cause 
the number answering, say to the age of 11, to make it apply to an age very triflingly 
differing from the exact age of 11, but this is not of the slightest importance with 
respect to valuing chances of anticipation. It may be observed that when fa x is very 
small, as in the case above enumerated, we see that the anticipated values of fa" may 
have not only a large proportion to each other, but may even be of contrary signs, as fa* 
cannot be negative, though by the anticipating formula in the case of k it comes out 
negative ; but these are cases where the value is of no importance in consequence of 
its smallness; and for long before the age of 20, the effect of fa* in the anticipation can 
be omitted. 

And now with respect to the formula which is not as imperatively required as the 
other, 

p n+, =( when «=60) 'J 0 -f 7,^+7 2 r‘-f-'J 3 ar , -f'J 4 a ,4 +'W,, 

let the anticipation also be successively for 11, 12, 13, 14 years. I purposely take 
years not divisible by 5, because, as I have said above, when x=5, and a- \-x does not 
exceed 100, 'W, is invariably =0, the variability of p not coming into play ; we have 

The real values of p 7, =*0013630, p 73 =*0017573, p 73 =* 0022656, p*= *0029217 
Anticipating formulap 7l = *0013264, \hP— *0017106, p 73 =*0022601, p^ss *0029430 

'W 71 =*0000366,'W 7S =*0000467,W 7 3=*0000055,W ;4 =— *0000213 

The mode above described of getting rid of the annoyance of the non-convergency of 
the developed expression fa* is particularly worthy of attention, and is entitled to be 
noticed by a name which I call the Interpolation by selected terms taken per saltum , as 
it offers another and an easier mode of calculating the three analytical anticipating 
Tables mentioned, which are so efficient in practical valuations; and calculating those 
Tables independent of each other when, as in the mode pointed out first, required the 
calculation of the value of =-L a+ „ and from that the value of L a+ ,; and lastly, the value 
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t 'g 'n 

of say in the form and then the value <=-(1 + rg 3 #-)- &c.). 

And not only docs this mode furnish the means of finding those Tables from the deve- 
loped function of mortality, but, if I mistake not, it furnishes a means off-hand, from 
any Table of mortality formed only from statistical information, and without requiring 
the formulae of mortality above pointed out, to furnish efficient analytical participating 
tables. 

It was my wish not only to conclude this paper with the three Tables above-mentioned, 
which have been calculated, but which I have been prevented from examining from 
causes to which mortality is liable, but also to add some interesting matter. But I hope 
to be able to add a supplement to this paper, and to be permitted to publish it in the 
Royal Society’s Transactions, to illustrate the practical adaptation of the analysis, with 
some other matters of vital statistics and invalidism. 


4 G 


MDCCCLXII. 




[ 561 ] 


XXIV. On Tschirnhausen’s Transformation. By Arthur Cayley, Esq., F.B.S. 

% 

Beceived November 7, — Bead December 5, 1861. 

The memoir of M. Hermite, “ Sur quelques thAoremes d’alg&bre et la resolution de 
liquation du quatridme degre,”* contains a very important theorem in relation to 
Tschirnhausen’s Transformation of an equation f(x) — 0 into another of the same degree 
in y, by means of the substitution y—q>x, where <$x is a rational and integral function 
of x. In fact, considering for greater simplicity a quartic equation, 

(a, b , c, d, e$x, 1) 4 =0, 

M. Hermite gives to the equation y—<px the following form, 

-f-4 bet? 

(I write B, C, D in the place of his T 0 , T„ T„), and he shows that the transformed equa- 
tion in y has the following property : viz., every function of the coefficients which, 
expressed as a function of a , b , c, d, e, T, B, C, D, does not contain T, is an invariant , 
that is, an invariant of the two quantics 

{a, b, c, d, eJX, Y)\ (B, C, DJY, -X) a . 

This comes to saying that if T be so determined that in the equation for y the coeffi- 
cient of the second term (if) shall vanish, the other coefficients will be invariants ; or if, 
in the function of y which is equated tA zero, we consider y as an absolute constant, the 
function of y will be an invariant of the two quantics. It is easy to find the value of T ; 
this is in fact given by the equation 

0=aT+35B+3cC+dD ; 

and we have thence for the value of y, 

y = (ax + i)B -f- (&r*+ 4bx-\- 3c)C + (ax 3 -j-^ iba? -f- 6car+ 3<2)D ; 

so that for this value of y the function of y which equated to zero gives the transformed 
equation will be an invariant of the two quantics. It is proper to notice that in the 
last-mentioned expression for y, all the coefficients except those of the term in x°, or 
£B-|-3cC+3(£D, are those of the binomial (1, l) 4 , whereas the excepted coefficients are 
those of the binomial (1, 1)*; this suffices to show what the expression for y is. in the 
general case. 

I have in the two papers, “ Note sur la Transformation de Tschibnhausen, ” f and 
« DeuxiAme Note sur la Transformation de Tschibnhausen, obtained the transformed 

* Comptes Bendua, t. xlvi. p. 961 (1868). t GbxXiU), t. lviii. pp. 269 and 268 (1861). 
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equations for the cubic and quartic equations; and by means of a grant from the 
Government Grant Fund, I have been enabled to procure the calculation, by Messfs. 
Davis and Otter, under my superintendence, of the transformed equation for the 
quintic equation. The several results are given in the present memoir ; and for greater 
completeness, I reproduce the demonstration which I have given in the former of the 
above-mentioned two Notes, of the general property, that the function of y is an inva- 
riant. At the. end of the memoir I consider the problem of the reduction of the general 
quintic equation to Mr. Jp:rrard’s form a?'-\-ax-\-b=0. 

Considering for simplicity the foregoing two equations 

(a, b, c , d, eX x, 1) 4 =0, 

y = (ax+b)B + (ax 2 -{- 4 bx + 3<?)C-J- (ax' -f- 4 bx* -f-G&r-f- 3^)D; 
let the second of these be represented by y=V, the transformed equation in y is 

&-v,)(y-V,)(y-y s )(y-V 4 )=o, 

where V„ V 3 , V 3 , V 4 are what V becomes upon substituting therein for x the roots 
x'„ x 2 , x 3 , x 4 of the quartic equation respectively. Considering y as a constant, the con- 
ditions to be satisfied in order that the function in y may be an invariant are that this 
function shall be reduced to zero by each of the two operators 

3cB 4 }-} _ 4(?B e — (D3 C -j-2C3g), 

•— (2Cdp-{-®^c) • 

These conditions will be satisfied if each of the factors^ — V„ &c. has the property in 
question; that is, if y — V, or (what is the same thing) if V, supposing that x denotes 
therein a root of the quartic equation, is reduced to zero by each of the two operators. 
Considering the first operator, which for shortness I represent by 

A — (Dd c + 2Cd B ), 

in order to obtain AV we require the value of Ax. To find it, operating with A on 
the quartic equation, we have 

(a, b, c , dXx, l) 9 Ax+(a, b, c, dXx, 1) 3 =0, 
or Aa-= — 1. In AY, the part which depends on the variation of Ax then is 

— aB +(— 2ax— 4i)C Sax 1 — Sbx- — 6c)D, 
and the other part of AV is at once found to be 

+ aB + (bax-\- 6b) C+ ( iao? + 1 2bx- + 9<?)D ; 

whence, adding, 

AV=2(<z#-b J)C , 4-(u# a -|"4&r-J“ 3c)D, 
and this is precisely equal to 

(Dd c -f-2Cd„)V; 

so that V is reduced to zero by the operator A— (Dd c +2Cd B )* 



ME. A. CAYLEY ON TSCHIBNHAU SEN’S TEANSFOEMATION. 


563 


Similarly, if the second operator is represented by 

V— (2Cd D +Bd c ), 

then we have 

( a , b, c, dyx, 1 ) 3 V#+a'(£, c, d, 1) 3 =0, 
which by means of the equation 

(a, b, c , d , eXx, 1) 4 =0 

is reduced to Vx=x*. Hence in VV the part depending on the variation of x is 

ax^B (2 ax* + 4&r' J )C + ( 3 ax* +8^ 3 4* 6car 8 )D, 
and the other part of VV is at once found to be 

(4 bx+ Sc)B+(4fa*+ V2cx+ GcZ)C+(4&r , +12c* 8 + 12d#+ 3<?)D ; 

and, adding, the coefficient of D vanishes on account of the quartic equation, and we 
have 

VV={ax'+ibx+Zc)B+ ( l(ax*+Mx ,l -\-Qcx+M)C, 

which is precisely equal to 

(2Cd„+Bd c )V, 

so that V is reduced to zero by the operator 

V-(2Cd u +Bb c ), 

which completes the demonstration ; and the demonstration in the general case is pre- 
cisely similar. 

In the case of the cubic equation we have 

(a, b, c, d^x, 1 ) 3 = 0 , 

y ~ (ux* 3&r-j-2c)C j 

and writing the second equation in the form 

(y_jB-2cC)+;r( - a B-36C)+a* 8 ( — aC)=0, 

multiplying by x and reducing by the cubic equation, we have 

dC -H^-JB-f- cC)+x'( - «B)=0, 

and repeating the process, 

dB +x( 3cB+ dC)+a%+2JB+cC)==0 ; ' 

# 

or, what is the same thing, we have the system of equations 

( y ~JB-2cC, - aB-ZbC, -aC X1>^^)=0, 

dC, y— £B + <?C, — a B 

dB , 3cB + dC, y+25B-fcC 

and the resulting equation in y is of course that formed by equating to zero the deter- 
minant formed out of the matrix in this equation. The developed expression is 

(1, 0, C, 1) 8 =0, 
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where 




B* 


BC 


C* 

ac 

+ 1 

ad 

+ 1 

bd 

+ 1 

b 1 | 

— 1 

be 

— 1 

* 

-1 


±1 


±1 


±1 



B 3 


B*C 


BC* 


C* 

a-d 

+ 1 

abd 

+ 3 

acd 

-3 

ad 3 

-1 

abc 

-3 

ac 2 

-6 

b'd 

+ 6 

bed 

+ 3 

b 3 

+ 2 

li 2 C 

+ 3 

be 3 

—3 

c 3 

—2 


± 3 


±6 


±6 


±3 







The sum of the coefficients in each column should here and elsewhere in the present 
memoir be equal to zero, and I have by way of verification annexed to each column the 
sums (+ a number) of the positive and negative coefficients. The coefficients C, 19, 
and therefore the function in ?/, are invariants of the two forms, 

(«, h o, dXX, Y) s , (B, CJY, -X) ; 

or in the present case, where there are only two coefficients B, C, the coefficients C, 29, 
and therefore also the function in y, are covariants of the single form (#, b, c, <T£B, C) s , 
considering therein (B, C) as the facients. 

It may be remarked that in the present case, assuming the invariance of the function 
in we may obtain the transformed equation in a very simple manner by writing in the 
first instance C=0, this gives 

( a , 5, c, l) s =0, 

y=(ax+b) B, 

and thence 

\{a, b, c , dXy—bB t «B) 8 =0; 

or developing, 

y*+3y(ac— i*)B a -f (a* d — Zabc-\- 2£ 3 )B 3 = 0, 

where the expressions for the coeijcients are to be completed by the consideration that 
these coefficients are covariants of the form (#, b, c, <T£B, C)*. But it is only in the 
case in hand of a cubic equation that the transformed equation can be obtained in this 
manner. 

In the case of a quartic equation, we have 
< (a, b, c, d, 1) 4 ==0, 

y=(<M?-j-$)B {ax 1 + 4 bx~\- 8c)C+(<w* *+• -{- Qcx-\- 3 dJD, 

and these give the system of equations 
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y — — 3cC — 3(H), — aB - • 4iC — 6(?D ) flC~ 4i D 5 ~ oX) Ylj r*, 3!*) 

. eD, y— iB—3cC*f dD, — flB— 4JC , — oC 

cC , 4dC+ «D, y— iB4-3<?C+ dD, — 

*B , 4dB+ eC , 6cB+4dC+ «D, y+3iB+3cC+dD 

and the transfomed equation is therefore found by equating to zero the determinant 
formed out of the matrix contained in this equation. 

The developed result, which was obtained by a different process in the ‘ Deuxieme 
Note’ above referred to, is 

(1, 0 , C, B, 1 ) 4 = 0 > 

where 
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and 
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I write 

U , =«B 3 +4iBC+o(2BD+4C s )+4^CD-f-^D», 
H , =(ac-^)B 2 +2(^-^)BC+(^-2^+c a )BD+4(J^~c , )C a . 

-f 2(be — cd)CD + (ce — d 2 )T) 3 ; 

and I represent by O' the expression which has just been found for These 
functions, U', H', O', are invariants of the two forms 

(a, b, c, d, eJX, Y) 4 , (B, C, D£Y, -X) 2 ; 

we have, moreover, the invariants 

ae-4bd-\- 3 c 3 , ace — ad 2 — Ire -f 2 bed— e 3 , 


which I represent as usual by I, J, and the invariant BD— C 2 , which I represent by 0'* 
This being so, we have 

C=GH'-2I0', 

29=40', 


< 8 = IU' 2 - 3H' 2 4-I 2 0' 2 + 12 J0'U'-f 2I0'H', 


the last of which may be verified as follows: — viz. writing a=e=l, b=d= 0 , c—6, it 

nppnm po 

(1+3^){B 2 +^(2BD+4C 2 )+D 2 } 2 

-3{0B 2 +(1+0 2 )BD-40 2 C 2 +0D 2 } 2 

+(1+3^) 2 (BD~C 2 ) 2 

-f 1 2(0— 0 3 )(BD — C a ) { 0B 2 -j- (1 + 0*)BD — 40 2 C 2 -f 0D 2 } 

= B 4 
+B 3 C (120) 

+B 2 C 5 ( - G0 +540 3 ) 

+B 2 D 2 ( 2 +3G0 2 ) 

+BC 2 D( - 4 +3G0 2 ) 

+B* (1— 180 2 +810 4 ) 

+C 2 D 2 ( - G0 +540 3 ) 

+C 3 D (120) 

+D 4 , 


which is an identical equation. 

The expression for the invariant I (quadrinvariant) of the function (1, 0, C, 23, l) 4 

is 0+3(£C) 2 , or e+3(H'-iI©') 2 , viz. it is 

IU' 2 -3H' 2 + I 2 0' 2 +12J0'U'+2I0'H' 


or, finally, it is 


+3H' 2 +jI 2 0' 2 — 2I0'H', 

IU' 2 +^I 2 0' 2 -f 12J0'U', 
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whibh' is equal to 

j[(ro , 4-6J , 0 , ) s +|(I 3 -27J a )0 ,a ]; 

so that the condition in order that this invariant may be equal- to zero is 

IU , +[6J±2 n /^}(P-27J t )]0'==O, 

which agrees with a result of M. Hermite’s. 

There should, I think, be an identical equation of the form 

JU ,a -IU' 2 H , +4H ,3 +M0= -«>' a , 

• 

which would serve to express the square of the invariant <!>' in terms of the other 
invariants U', II', 0', I, J ; but assuming that such an equation exists, the form of the 
factor M remains to be ascertained. The invariant J (cubinvariant) of the form 
(1, 0, C, 20, l) 4 contains <1>' 2 , and it would be necessary to make use of the iden- 

tical equation just referred to in order to reduce it to its simplest form ; and (this being 
so) I have not sought for the expression of the cubinvariant of (1, 0, C, 20, I) 4 * 

For the quintic we have the equations 

(a, b, c, d, e,fX*, 1) 5 =0, 
y— (ax +£)B 

-^(ax^-^bbx +4c)C 
+ (ax 3 -{- 5&r a • + 1 Ocx -j- 6 ^)D 
+ (ax* + 5bx * + 1 Ocx* + 1 Oda’-j- 4e)E, 

and this leads to the system of equations 

(v_JB-4cC-6dD-4*E, -aB-5flC-10cD-10dE, - aC- 5M)-10cE, 

fE , y-bB-4cC- GcD-f cE, -aB-5JC-10cD 
/ D , 5cD+ fE, y-bE-icC+ 4dD+ eE, 

fC , 5<?C+ /D ‘ , 10dC+ 5eD+ fE, 

/B , 5*B+/C , l(MB+5tfC+ /D 

— aD—5bE, — aE Xh # a , x 3 , x*)=:0, 

— • aC—5bD , — «D 

— «B— 5iC , —aC 

y—iB4" 6cC-j-4dD-j- ^E,~ flB 
10cB+10dC+5*D-|-/E, y +45B+6cC+4dD-HE 

and the transformed equation is obtained by equating to zero the determinant formed 
out of the matrix contained in this equation. 

MDCCCLXII. 4 H 
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The determinant in question was calculated by the formula 

Dir. 

□ = -12.345 1 

+13.245 2 

-14.235 3 

+15.234 4 

—23.145 5 

+24.135 6 

-25.134 7 

-34.125 8 

+35.124 9 

-45 . 123 10, 

where the duadic symbols refer to the first and fifth columns, viz. 12 is the determinant 
formed out of the lines 1 and 2 of these columns, and so for the other like symbols ; 
and the triadic symbols refer to the second, third, and fourth columns, viz. 345 is the 
determinant formed out of the lines 3, 4, 5 of these columns, [and so for the other like 
symbols. 

The ten divisions were separately calculated. It is to be noticed that these divisions 
other than 4 and 6 correspond to each other in pairs, while each of the divisions 4 and 
6 corresponds to itself, as thus : 

Div. 1, —10 

2, - 9 

3, - 7 

5, - 8 

4, - 4 

* 6 , - 6 , 

viz. if in the place of 

y » f > H) 0, D, E, 

we write 

mm, y » fi ^ ® b] c, B, 

then division 1 becomes division 10 with its sign reversed, and so for divisions 2 and 9, 
3 and 7, 5 and 8 ; while each of the divisions 4 and 6 is unaltered, except that the sign 
is reversed. But the corresponding divisions were each of them calculated, and the 
property in question was used as a verification. Another very convenient verification, 
which was employed for the several divisions, was obtained by putting 

a=6=<7=d=e=/=B=C=I)=:E=l, 
upon which supposition the determinant becomes 
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y- 16, -26, -16, - 6, - 1 

1, y— 10, -16, # - 6, - 1 

1, 6,- y » “0, — 1 

1, 6, 16; y+10, - 1 

1, 6, 16, 16, y+15 

and the values of the ten divisions respectively are 





y' > 

y » 

1 




6, 

-288, 

+ 4608, 

-24576 

1 



16, 

-576, 

+ 6144, 

-16384 

2 



26, 

-544, 

+ 3584, 

-24576 

3 

i, 

o, 

-96, 

0 , 

-28672, 

0 

4 





0 , 

0 

5 





0 , 

0 

6 



26, 

+544, 

+ 3584, 

+24576 

7 





0 , 

0 

8 



16, 

+576, 

+ 6144, 

+ 16384 

9 



$» 

+288, 

+ 4608, 

+24576 

10 

i, 

o, 

o, 

0 , 

0 , 

0 



A verification similar to this was in fact employed at each step of the calculation of 
a division: viz. in forming a product such as (XX + ^ Y + &c. )(XX -j- p/Y + &c. ), where 
X, (t, &c., X', pJ, . . &c. are numerical coefficients, and X, Y, &c. are monomial products 
of #, c, d, e, f and B, C, D, E, the sum of the numerical coefficients of the product is 
(x + p> + &c.) (%! -j- p? -j- &c. ). 

It was of course necessary to employ such verifications, as a test of the correctness of 
the several divisions, before proceeding to collect them together, but the collection itself 
affords an exceedingly good ultimate verification. The following is an exemplification : 
the terms in y which involve the product BCDE are obtained by the collection of the 
corresponding terms in the ten divisions, as follows : 



133 456789 10 



4 H 2 
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where it may be remarked that the greater part, but not all, of the component coeffi- 
cients are divisible by 5. I soon observed in the process of summing the ten divisions 
that all the resulting coefficients should be divisible by 5 (the only exception is as to 
the terms in y° which contain B s , C\ D s , and E* respectively), and the circumstance that 
they are so in each particular instance is as far as it goes a verification, which, however, 
only applies to those of the component coefficients which are not themselves divisible by 
5. But it was known a priori (I will presently show how this is so) that the sum of the 
resulting coefficients should be equal to zero, and that they are so in fact is a verification 
as to all the coefficients. The foregoing specimen term BCDE is one which remains 
unaltered when B, C, D, E arc changed into E, D, C, B ; and on making the further change 
a, b, c, d, e,f\ntof, e, d, c, b, a, the coefficient of BCDE remains, as it should do, unaltered ; 
this is a verification of the coefficients of the terms ace 1 , b 2 df ; ad?e, bcf, which are 
respectively interchanged by the substitution in question, but not of the other terms 
a?f\ abef, acdf ’ b 2 e 2 , bcdf \ which are respectively unaltered by the substitution. I did not 
employ what would have been another convenient verification of the several divisions, 
viz. the comparison of their values on putting therein a—b=c=d=e=:f= 1, with the 
corresponding values as calculated independently from the determinant 

y— B— 4C— CD— E, - B— 5C—10D— 10E, - C- 5D-10E, 

E, y- B-4C- 6D+ E, - B- 5C-10D 

D , 5D+ E, y- B- 4C+ 4D-f E, 

C , 5C+ D , 10C+ 5D-f E, 

B , 5B+ C , 10B+ 5C+ D 

D-5E, -E 

C-5D , - D 

- B- 5C , - C 

y — B-f- 6C-J-4D4* E, — B 

10B+10C+5D+ E, 0+4B+6C+4D+E 

The calculation of the ten divisions of this determinant would however itself have been a 
work of some labour. 

The last-mentioned determinant is —y s ; in fact, equating it to zero, we have the 
transformed equation corresponding to the system of equations 

(1, 1, 1, 1, 1, l)£r, 1) 8 =0, 

y=(o:+l)B+(a; a +5^+4)C+(ar , +5ar , +10a:+6)D-f-(^-f5a J, -fl0^-|-10ar+4)E. 

But the first of these equations is (#-bl) s =0, and the second is 

y = (a:-f 1 ) { B -f (a: + 4)C + + 4ar-f 6)D + -f 4^+ 6a: + 4)E} , 
so that for each of the five equal roots #= — 1, we have 0, or the transformed 
equation in y is y*s= 0. 
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And since upon writing a=b=c=d=e=f=l the transformed equation becomes 
y®==0, it is clear that in the coefficient of any monomial product of B, C, D, E, the sum 
of the numerical coefficients of the several monomial products of a , 5, c, d, e, f must be 
=0, which is the property above referred to as affording a verification of the calculated 
expression of the transformed equation. 

The final result is that the equations 

(d, b, d 'j 1) 

y— (ax + £)B 

4-(«# a +5&r + 4c) C 
•^(aof+bboP+lOcx + Gd)D 
+(<u- 4 + 5^ 3 + 10c^+ 10d±+ 4c)E 
give for the transformed equation in y 

(1, 0, C, S, e, Fly, 1) 5 =0, 

where 
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• 

• 
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• 

• 
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O 

+1 
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Upon writing (B, C, D, E)=(ar*, xy 3 , xy 3 , y 3 ), the foregoing values of C, 19, <£, Jf become 
covariants of the quintic (a, b, c, d, e, f^x, y)*. In fact we have 

£G=2(Tab. No. 16), 

*29=2(Tab. No. 18), 

£<0= (Tab. No. 13) 2 (Tab. No. 14)-3(Tab. No. 16) s , 

, 4f= (Tab. No. 13)*(Tab. No. 17)-2(Tab. No. 15)(Tab. No. 18), • 

where the Tables referred to are those of my Fifth Memoir on Quantics, Tab. No. 13 
being the quintic itself. This is a further verification of the foregoing result. 

I will conclude by showing how the formula may be applied to the reduction of the 
general quintic equation to Mr. Jerrard’s form x iJ t-ax-\-b—0. It was long ago remarked 
by Professor Sylvester that Tschirnhausen’s Transformation, in its original form, gave 
the means of effecting this reduction. In fact, if the transforming equation be 

y = a + (3x-\- yx 3 + &V 3 + s# 4 , 
then the equation in y is of the form 

(33, C,29, e,JTXy, l ) s =0, 

where 35, C, 29, <0, Jf are, in regard to a, /3, y, b, e, of the degrees 1, 2, 3, 4, 5 respect- 
ively. And by assuming, say a a linear function of /3, y, b , e , we may make B=0, and 
we have then C, 29, <0, $ functions of the degrees 2, 3, 4, 6 respectively of the quan- 
tities /3, y, b, e : and these can be determined by means of a quadric equation and a cubic 
equation in such manner that C=0, 29=0, in which case the equation in y will be of 
the required form. For considering (3 , y, S, e as the coordinates of a point in space, the 
equations C=0, 29 = 0 will be the equations of a quadric surface and a cubic surface 
respectively, and if /3, y, &, e be the coordinates of a point on the curve of intersection, 
the required conditions will be satisfied. And by combining with the equation of this 
the quadric surface, the equation of any tangent plane thereto (or by the different pro- 
cess which is made use of in the sequel), we may, by means of a quadric equation, find 
a generating line of the quadric surface, and then, by means of a cubic equation, a point 
of intersection of this line with the cubic surface, i. e. a point the coordinates whereof 
give the required values /3, y, S, e. And similarly for the new form of Tschirnhausen’s 
Transformation ; the only difference being that, starting with an equation in y which 
contains the four arbitrary quantities B, C, D, E, we obtain in the first instance an 
equation (1, 0, C, 29, C, JfXy, 1)*=0 wanting the second term. And then B, C, D, E are 
to be so determined that C=0, JI9=0. 

To proceed with the reduction, I write the foregoing value of C in the form 

j€=( 4ac— M*, Bad- 6 be , 4 ae- 4 bd , of— be YB,C,D,E) a , 

6ad— 66c, 4ae+2Bbd— 24c 8 , qf+15be— 16cd, 4bf—4ce 
4ae-4bd, af+15be -16cd, 4bf+20ce-24d 3 , 6cf-6de 

af— be , 4 bf— 4 ce , Bcf — Ode , 4df—4e t 

mdccclxii. 4 1 
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which for shortness may be represented by 

a, h, g, 1 TB, C, D, E a ), 
h, b , f , m 
g, f , c, . n 
1 , m, n, p 

or say 

te=(nxB, c, d, E) a . 

Now, by a formula in my memoir “ On the Automorphic Linear Transformation of a 
Bipartite Quadric Function*,” if T denote any skew symmetric matrix of the order 4, 
then if 

(B, C, D, E)=(a- I (a^T)(Q+T)-‘nXB', C', D', E'), 

in which formula CL~\ O— T, (O+T) -1 , i'l are all matrices which are to be com- 
pounded together into a single matrix, we have identically 

(niB, C, D, E) a =(n£B', O', D', E') a . 

Let Q denote the determinant | fl+T |, then the terms of the matrix (Q-j-T) -1 are 
respectively divided by Q, and we may write 

(n+T)-=i Q(o+T)-', 

where Q(H-f T) -1 is the matrix obtained from the matrix (fl+T)" 1 by multiplying 
each term by Q, the teims of Q(Q+Y) -1 being thus rational and integral functions of 
the terms of the matrix (Q+T). Hence if, instead of the before-mentioned relation 
between (B, C, D, E) and (B', C', D', E'), we assume 

(B, C, D, E)=(n- I (n-T)Q(Q+T)-‘nXB', C', D', E'), 

we find 

(QJB, C, D, E) a =Q a (nXB', C', D', E') a . 

And if the matrix T is such that we have Q=0, i. e. Det. (fl-+*T)=0 (which is a 
quadric relation between the terms of the skew matrix, that is, each term is contained 
therein in the first and second powers only), then the equation becomes 

(njB, C, D, E) 3 =0. 

It is clear that this can only be the case in consequence of the coefficients of trans- 
formation in the equation 

(B, C, D, E)=(Q- , (Q-T)Q(Q+T)- , QXB / , <?, D', E') 

being such that there shall exist at least two linear relations between the quantities 
(B, C, D, E), and I assume (without stopping to prove it) that they are such that the 
number of such linear relations is in fact two. That is, the last-mentioned equation 
establishes between the quantities (B, C, D, E) two linear relations, in virtue whereof 



* Philosophical Transactions, voL cxlviii. (1868), see p. 44. 
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C=0. And this being so, we may, without loss of generality, write D'a= 0, E'=0, or put 

(B, C, D, E)=(Q- , (Q-T)Q(Q+T)- , £2XB', C, 0, 0); 

so that B, C, D, E are linear functions of B', C', such that C=0. And then substituting 
these values for (B, C, D, E), we find 23 a cubic function of B', C'; so that, putting 23=0, 
we have a cubic equation to determine the ratio B' : C'. 

The foregoing reasoning presents no real difficulty, but it is expressed by means of a 
very condensed notation, and it may be proper to illustrate it by the case of the quadric 
function x*-\-y*-\-z*. Considering the equations 


#=(l-f-X 9 — (i i 9 — 2 (Xp — 2(Xj'+/x)« r , 
y— 2(ty.+*y+(l— X 3 +f<. a — v 3 )y+ 2(y,v—\)z\ 

z — 2(v"K— f^jx! -j- .SQav— |- (1 — — | — 

these equations, if the expressions for x , y, z had been divided by would 

have given 

x > -\-y*+z > =rf*+y l2 +z' a . 

Hence they actually do give 

a?+tf+z'=(\. +X a + i * 3 +i' 3 ) 5 9 (a /*+/ s +*' 9 ) ; 

or if 


they give 
But if 


1 +\’-h* s HV=0, 
v?+y*+z*= 0 . 


l +X 9 +p 9 +* 9 =0, 

then 


1+X 9 — y? — v 9 : 2 (hy* — v) : 

=2(X|m.+»») : 1 — X 9 -j-/x 9 — v a : 2(y,v — X.) 

=2(»X — y>) : 2 ((jw-\-\) : 1 — X s — ft^+v 9 ; 

so that wc have 


x : y : 2=1+X 9 — ju. 9 — v 9 : 2 (X/x+v) : 2(vX — y,), 

which is the same result as would have been found by writing y=z , = 0, and which 
comes to saying that x, y, z are not independent, but are connected by two linear rela- 
tions. 

The equation Det. (fl+T)=0, written at length, will be 


a , h — r, g+tf, 1 +X 
h+r, b , f — £, m+^ 

g — *> f c , n+> 

1 — X, m—y, n— v, p 


= 0 , 


where X, y> t v, g, «■, r are the arbitrary constituents of the skew matrix; or developing, thi« is 

a h g 1 

h b f m 

g f c n 

1 m n p 
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+( 


be — f*,* fg — eh, hf— bg, mg— nh, 

fg —eh,* ca — g*, gh-af , — gl +an, 

hf — bg, gh — af , * ab— h* , hi —am, 

mg— hh, fm —bn, — fii +em, ap —I* , 

— gl +an, nh— If , gn— cl , ph— lm, 

hi —am, — hm+bl , If —mg, pg —In , 


fm —bn , —& +cm Y*» £> 

• • 


nh —If , 

gn— cl 

— hm+bl , 

If —mg 

ph — lm, 

pg-la 

bp — m* , 

^pf— mn 

pf -mu, 

cp— if 


+(^+f«r+w‘)*=xO, 

the first term whereof, substituting for (a, b, c, f, g, h, 1, m, n, p) their values, is in fact 
equal to the discriminant a 4 / 4 -}- &c. of the quintic (a, 6, c, d, «,/) (X, Y)*. There is no 
loss of generality in putting all but two of the quantities (X, fi, v, g, <r, r) equal to zero ; 
in fact this leaves in the formulae a single arbitrary quantity, which is the right number, 
since the ratios B : C : D : £ have to satisfy only the two conditions C=0, 30=0. 


Addition, Nov. 10, 1862. 

I take the opportunity of remarking, with reference to my memoir “On a New 
Auxiliary Equation in the Theory of Equations of the Fifth Order*,” that I recently 
discovered that the auxiliary equation there considered is in fact due to Jacobi, who, in 
his paper, “ Observatiunculee ad theoriam sequationum pertinentes f ,” under the heading 
“ Observatio de eequatione sexti gradus ad quam sequationes quinti gradus revocari pos- 
sunt,” gives the theory, and observes that the equation is of the form 

<p 9 -f a,<p 4 + + «o = 32 -v/ Q<p, 

and mentions that the value of a, is easily found to be (I adapt his notation to the 
denumerate form (a, 6, c, d, 1) 8 =0) 

=Mue-ma+w 

(this ought, however, to be divided by —2), but that the values of a 4 , a 6 “ paullo am* 
pliores calculos poscunt” 

The value of the coefficient in question is correctly obtained (page 270 of my memoir) 
in the form 

— & 

* +2(-16oc+4 Jd-c*) 

+12 ae\ 

but the reduced value is given in two. places (page 271) as equal to 

—32 ae 9 this should be — 20 ae 3 
+ 8 bdf ,, +8 id, 

— 3 c* , ,, — 3c*. 

The last-mentioned correct value was used in obtaining the coefficient for the standard 
form, which coefficient is -given correctly, page 274. 

• Philosophies! Transactions, vol. di. (1861) pp. "263-276. t Cbbujc, t. xiii. (1885) pp. 840-352. 

* 
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XXV. On the Thermal Effects of Fluids in Motion . — Part IV. . 

By J. P. Joule, LL.D., F.JR.8 . &c., and Professor W. Thomson, AM., LL.JD ., <&?. 


Deceived June 19, — Bead June 19, 1862. 

In the Second Part of these researches vve have given the results of our experiments on 
the difference between the temperatures of an elastic fluid on the high- and low-pressure 
sides of a porous plug through which it was transmitted. The gases employed were 
atmospheric air and carbonic acid. With the former, 0 o, 0176 of cooling effect was 
observed for each pound per square inch of difference of pressure, the temperature on 
the high-pressure side being 17°T25. With the latter gas, 0 o, 0833 of cooling effect was 
produced per lb. of difference of pressure, the temperature on the liigh-pressure side 
being 12°*844. 

It was also shown that in each of the above gases the difference of the temperatures 
on the opposite sides of the porous plug is sensibly proportional to the difference of the 
pressures. 

An attempt was also made to ascertain the cooling effect when elastic fluids of high 
temperature were employed ; and it was satisfactorily shown that in this case a consider- 
able diminution of the effect took place. Thus, in air at 91 0, 58, the effect was only 
0 o, 014 ; and in carbonic acid at 91 0, 52, it was 0 o, 0474. 

In the experiments at high temperatures there appeared to be some grounds for 
suspecting that the apparent cooling effect was too high; for the quantity of trans- 
mitted air was very considerable, and its temperature possibly h,ad not arrived accurately 
at that of the bath by the time it reached the porous plug. 

The obvious way to get rid of all uncertainty on this head was to increase the length 
of the coil of pipes. Hence in the following experiments the total length of 2-inch 
copper pipe immersed in the bath was 60 feet instead of 35, as in the former series. 
The volume of air transmitted in a given time was also considerably less. There could 
therefore be no doubt that the temperature of the air on its arrival at the plug was 
sensibly the same as that of the bath. 

The nozle employed in the former series of experiments was of box-wood, — the space 
occupied by cotton-wool, or other porous material, being 2*72 inches long and an inch 
and a half in diameter. The box-wood was protected from the water of the bath by 
being enveloped by a tin can filled with cotton-wool. This was unquestionably in most 
respects the best arrangement for obtaining accurate results ; but it was found necessary 
to make each experiment last one hour or more before we could confidentlylpepend on 
the thermal effect. The oscillations of temperature which took place during the first 

MDCCCLXII. >( 4 K 
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part of the time were traced to various causes, one of the principal being the length 
of time which, on account of the large capacity for heat and the small conductivity of 
the box-wood nozle, elapsed before the first large thermal effects consequent on the 
getting up of the pressure were dissipated. No doubt the results we arrived at were 
very accurate with the elastic fluids employed, viz. atmospheric air and carbonic acid ; 
but we possessed an unlimited supply of the former and a supply of the latter equal to 
120 cubic feet, which was sufficient to last for more than half an hour without being 
exhausted. In extending the inquiry to gases not so readily procured in large quantities, 
it was therefore desirable to use a porous plug of smaller dimensions enclosed in a nozle 
of less capacity for heat, so as to arrive rapidly at the normal effect. 

Various alterations of the apparatus were made in order to meet the new require- 
ments of our experiments. A small high-pressure engine of about one horse-power was 
placed in gear with a double-acting compressing air-pump, which had a cylinder 4^- inches 
in diameter, with a length of stroke of 9 inches. The engine was able to work the piston 
of the pump sixty complete strokes in the minute. The quantity of air which it ought 
to have discharged at low pressure was therefore upwards of 16,000 cubic inches per 
minute. But much loss, of course, occurred from leakage past the metallic piston, and 
in consequence of the necessary clearance at the top and bottom of the cylinder when 
the pressure increased by a few atmospheres ; so that in practice we never pumped more 
than 8000 cubic inches per minute. 

The nozle we employed will be understood by inspecting Plate XXVI. fig. 1, where 
a a is the upright end of the coil of copper pipes. On a shoulder within the pipe a perfo- 
rated metallic disk (b) rests. Over this is a short piece of india-rubber tube (c c) enclosing 
a silk plug (d), which is kept in a compressed state by the upper perforated metallic 
plate {e). This upper plate is pressed down with any required force by the operation of 
the screw f on the metallic tube gg. A tube of cork ( h h) is placed within the metallic 
tube, in order to protect the bulb of the thermometer from the effects of a too rapid 
conduction of heat from the bath. Cotton-wool is loosely packed round the bulb, so as 
to distribute the flowing air as evenly as possible. The glass tube (s i) is attached to the 
nozle by means of a piece of strong india-rubber tubing, and through it the indications 
of the thermometer are read. The top of the glass tube is attached to the mp falliq 
tube 1 1, for the purpose of conveying the gas to the meter. 

The thermometer (m) for registering the temperature of the bath is placed with its 
bulb near the nozle. The level of the water is shown by nn; and 0 0 represents the 
wooden cover of the bath. 

When a high temperature was employed, it was maintained by introducing steam into 
the bath by means of a pipe led from the boiler. The water of the bath was in every 
case constantly and thoroughly stirred, especially when high temperatures were used. 

The general disposition of the apparatus will be understood from fig. 2, in which A 
represents the boiler, B the steam-engine geared to the condensing air-pump C. From 
this pump the compressed air passes through a train of pipes 60 feet long and 2 inches 
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in diameter, and then enters the coil of pipes in the bath D. Thence, after issuing 
from the porous plug, it passes through the gasometer E, and ultimately arrives again 
at the pump C. This complete circulation is of great importance, inasmuch as it permits 
the gas which has been collected in the meter to be used for a much longer period than 
would otherwise have been possible. A glass vessel lull of chloride of calcium is placed 
in the circuit at F, and chloride of calcium is also placed in the pipe at f. A small 
tube leading from the coil is carried to the shorter leg of the glass siphon gauge G, of 
which the longer leg is 17 feet, and the shorter 12 feet long. 

The thermometers employed were all carefully calibrated, and had about ten divisions 
to the degree Centigrade. We took the precaution of verifying the air- and bath-ther- 
mometers from time to time, especially when high temperatures were used, in which 
latter case a comparison between the thermometers at high temperature was made 
immediately after each experiment. 


Atmospheric Air. 

In the experiments described in the present paper, the air was not deprived of its 
carbonic acid. It was simply dried by transmitting it in the first place, before it entered 
the pump, through a cylinder 18 inches long and 12 inches in diameter filled with 
chloride of calcium, and afterwards, in its compressed state, through a pipe 12 feet long 
and 2 inches in diameter filled with the same substance. The experiments were princi- 
pally carried on in the winter season ; so that the chloride kept dry for a long time. 
From its condition after some weeks’ use, it was evident that the water was removed, 
almost as much as chloride of calcium can remove it, after the air had traversed three 
inches of the chloride contained by the first vessel. 


Table I. 
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. 8*546 

- 1*252 

-0102 

- 1*354 

- 0-850 

18 

20 

0*017 

0*105 

3*0 

7 


165*73 

8*2 

- 1*329 

- 0-121 

- 1*450 

- 0-875 

14 

15 

0 034 

0*128 

4-8 

8 

1500 

129*78 

8*72 

- 1*019 

-0127 

- 1*146 

— 0-883 

8 

9 

0*008 

0*135 

2*9 

9 

5000 

128 * 9 - 

24*92 

— 0*983 

— 0*037 

- 1*020 

- 0-791 

12 

8 

0*015 

0*09 

7*0 

mvm 

4600 

122*8 

27*81 

- 0*874 

-0 036 

- 0*910 

- 0-741 

26 

15 

0*029 

0*064 

0 


5000 

123*5 

42*64 

-0947 

- 0*036 

- 0*983 

- 0-796 

8 

4 

0*127 

0*122 

7-0 

■9 

4800 

137 

43*54 

- 0*943 

-0 037 

- 0*980 

- 0-715 

6 

3 

0*02 

002 

0 

Kfl 

5000 

127*5 

47*92 

- 0*937 

- 0*037 

- 0*974 

- 0*764 

6 

4 

0*058 

0*09 

2-0 

Kfl 

3700 

147 

49*96 

- 0*969 

- 0*049 

- 1*018 

— 0-692 

35 

30 

0*14 

0*26 

0 

HeH 

5600 

146 

53*375 

- 0*860 

-0 028 

- 0*888 

- 0-608 

28 

30 

0*05 

0*08 

0 

mim 

5700 

146 

64*9 

- 0*870 

- 0*029 

- 0*899 

- 0-616 

24 

20 

0*18 

0*23 

0 

17 

2700 

112*43 

89*901 

- 0*469 

- 0*033 

- 0*502 

- 0-446 

20 

10 

0*112 

0*23 

8-6 

18 

1700 

147 

90*353 

— 0*821 

— 0*091 

- 0-912 

- 0-620 

4 

3 ! 

0*022 

0*085 

0 

19 

1700 

153*16 

92*486 

-0756 

- 0*083 

- 0*839 

- 0-547 

19 

10 

0*202 

0*273 

7*0 

90 

3150 

156*5 

92*603 

- 0*674 

- 0*040 

-0714 

- 0-456 

12 

10 

0078 

0*19 

3*5 

21 

3800 

146 

9378 

-0700 

- 0*036 

-0736 

- 0-504 

24 

20 

0*236 

0*255 

0 

22 

4600 

158*5 

97*528 

-0722 

-0 029 

-0751 

- 0-474 

20 

16 

0*112 

0115 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 


4 k2 
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Oxygen Gas . 

This elastic fluid was procured by cautiously heating chlorate of potash mixed with*a 
small quantity of peroxide of manganese. In its way to the meter it passed through a 
tube containing caustic potash, in order to deprive it of any carbonic acid it might con- 
tain. The same drying-apparatus was employed as in the case of atmospheric air. 



1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 


Nitrogen Gas. 

In preparing this gas the meter was first filled with air, and then a long shallow tin 
vessel was floated under it, containing sticks of phosphorus so disposed as to burn in 
succession. Some hours were allowed to elapse after the combustion had terminated, 
in order to allow of the deposition of the phosphoric acid formed. 


Table III. 


a 

0 

1 

1 

o 

6 

§ * 
v £ =j 
J: ~ ,g 

c rs *s 

it t 

r t ~ 

w 

O 

J 

11 

11 
s rj 

a 

2 A 

O 

g go 
£ 3 § 

P! 

r-4 .3 

Temperature of the 
bath. 

Thermal effect. 

Correction on 
account, of conduc- 
tion of heat. 

Corrected thermal 
effect. 

t 1 
£ 

--2® a 

g 8 3 o 

ilij 

H £ H. | 

Ditto, 

calculated for 
pure nitrogen. 

n 

dumber of observa- 
tions comprised in 
each mean. 

Extreme range 
of the temperature 
of the bath. 

Extreme range 
of the temperature 
of the elastic fluid. 

gS.vl 

1 

i 

2050 


7 9 O'! 
921 N 


163*38 

7*204 

-1-448 

-0*133 

-1-581 

— 0 967 

-l°-034 

1 

8 

$-008 

0-25 

6-2 

2 


* 

2-2 O 1 
L97-8 N J 

. 

162 65 

91-415 

-0-857 

-0 064 

-0 921 

-0-567 

-0-576 


10 

0-036 

0-48 

4-5 

3 



12 5 O ' 
[87-5 3T. 


164*61 

91-965 

-0 860 

-0-065 

-0*934 

-0-567 

-0-691 

D 

• 9 

0-337 

0-378 

30 

1 

2 


3 


4 

5 

G 

7 

8 

9 

10 

ii 

12 

13 

14 

15 


Carbonic Acid . 

This gas was formed by adding sulphuric acid to a solution of carbonate of soda. It 
was dried in the same manner as all the other gases. 





















THE THERMAL EFFECTS OF FLUIDS IN MOTION, 


583 


Table IV. 


i 

o 

o 

& 

Cubical inches 
of elastic fluid trans- 
mitted per minute. 

Composition of the 
elastic fluid* 

Pressure oyer that of 
the atmosphere, 
in inches of mercury. 

Temperature of the 
bath. 

Thermal effect 

Correction on 
account of conduc- 
tion of heat 

Corrected thermal 
effect. 

Thermal effect 
reduced to the 
pressure of 100 
inches of mercury. 

Ditto, calculated for 
pure carbonic acid, 
calling its sp. heat for 
equal yol. 1*39. 

Time occupied by 
experiment, 
in minutes. 


Extreme range 
of the temperature 
of the bath. 

Extreme range 
of the temperature 
of the elastic fluid. 

O C$ 

bog 
a p 

s § 

© g 

a * 

w o 

i 

2450 

68-42 Air \ 
31-58 CO.. 

163-7 

7-362 

-§•699 

-0-190 

-2-889 

-1*765 

— 3*166 

12 

10 

© 

0 

016 

32 

2 

2350 

'89-16 Air 

1 10-84 CO, ) 

148*82 

7-360 

-1*621 

-0-125 

-1746 

-1-173 

-2*990 

14 

10 

0-004 

0-282 

9-2 

3 

3100 

3-52 Air 

1 96-48 CO, ’ 

164-07 

7-384 

-6-719 

-0*299 

-7018 

-4 277 

-4-367 

65 

6 

0-008 

0-021 

14 

4 

2500 

1 625 Air 
\ 37-5 CO,; 

162-925 

7-407 

-2*839 

-0*191 

-3 030 

-1-860 

-3052 

8 

8 

0-007 

0-11 

58 

5 

2300 

/ 88*13 Air 

1 11-87 CO, 1 

158*08 

7-433 

-1*682 

-0132 

-1-814 

— 1-147 

-2-648 

10 

10 

0*005 

0107 

5*2 

6 

2260 

1 97"46 Air 

1 2-54 CO, f 

163-52 

7-608 

-1-407 

-0*116 

-1 523 

-0 931 

-2-753 

8 

8 

0007 

0-004 

20 



f 4*0 Air 











0-18 


7 

3300 

1 5-28611 l 
[90-714 CO, J 

161-97 

7-960 

— 6131 

-0*262 

-6*393 

-3-947 

-4-215 

6 

8 

0 

4-8 




( 4-23 Air* 1 











019 


8 

3000 

\ 46-47 11 l 
[ 49-3 CO, J 
f 7-09 Air 1 

153-72 

8020 

-2189 

-0-117 

-2-306 


-2-631 

5 

5 

0 

1-6 



9 

1500 

\ 67 05 11 l 
25-86 CO, J 

97-56 

8-296 

-0 543 


-0606 

-0-C22 

-1*940 

15 

15 

0-012 

0146 

5-4 

10 

2925 

j 2-11 Air I 
1 97-89 CO,) 

167-25 

93523 

-3-418 


-3-578 

-2139 

-2-164 

10 

10 

0-382 

0-49 

| 40 

11 

2925 

56-78 Air 
\ 43-22 CO, f 

167-4 

91-26 

-1-746 

-0099 

-1-845 

-1-102 

-1-674 

30 

20 

0 292 

0-49 

11-0 

12 

2925 

[77 77 Air 1 
.22-23 CO, j 

146-83 

91-642 

-1-292 

-0-077 

-1-369 

-0-938 

-2 053 

9 

6 

0045 

0-245 

35 

13 

5500 

0-83 Air 1 
99-17 CO, 
167-7 Air I 
' 32 3 CO, ) 

146 

54-0 

-4184 

-0-104 

-4288 

-2-937 

-2951 

24 

16 

0-24 

0-46 

0 

14 

5300 

147 

19-703 

-1-832 

BB 

-1-891 

-1*286 

-2 225 

24 

16 

0-025 

017 

0 

15 

5600 

87-77 Air 1 
12-23 CO, / 

115 

19-764 

BB 

-0032 

-1-282 

—0*884 

-2-025 

20 

16 

0-01 

0*11 

0 

16 

5100 

1-8.3 Air 1 
98-17 CO,) 

127-5 1 

15-604 

-4*186 

-0*112 

-4-298 

-3-371 

-3-107 

18 

15 

0-03 

0095 

0 

17 

5000 

f 1-66 Air \ 

\ 98-34 CO, ) 

151 ! 

17-553 

—311 


-3-194 

-2115 

-2-135 

20 

16 

0-292 

0272 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 


Hydrogen. 

Our method in procuring this elastic fluid was to pour sulphuric acid, prepared from 
sulphur, into a carboy nearly filled with water and containing fragments of sheet zinc. 
The gas was passed through a tube filled with rags steeped in a solution of sulphate of 
copper, and then through a tube filled with sticks of caustic potash. The rags became 
speedily browned, and we therefore adopted the plan of pouring a small quantity of 
solution of sulphate of copper from time to time into the carboy itself. This succeeded 
perfectly ; the rags retained their blue colour, and the gas was rendered perfectly inodo- 
rous, whilst at the same time its evolution became much more free and regular. 
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Table V. 


No. of experiment. 

ill 

•s'§ 

D 

Pressure over that of 
the atmosphere, 
in inches of mercury. 

Temperature of the 
bath. 

Thermal effect 

Correction on 
account of conduc- 
tion of heat. 

Corrected thermal 
effect 

Thermal effect re- 
duced to the pressure 
of 100 inches of 
mercury. 

1 

M 

a l! 

Time occupied by 
experiment, 
in minutes. „ 

!|l 

ii 1 

Extreme range 
of the temperature 
of the beth. 

Ih 

o*3 

j! 

«*3 

i 


/ 17-635 Air 1 
" 82-365 II 

64-1 

$-34 

-8*144 


-8-153 

-8*239 

-8-104 

3 

H 

8 

* 

9 

3 

^^9 

/ 75-16 Air 1 
' 24-84 H 

99-86 

6-355 

-0-564 


-0-599 

—0*600 

+0-226 

10 

H 

0 

0*15 

1-5 

3 

3900 

' 4-866 Air' 

‘ 95-134 H ' 

49-91 

6133 

+0-033 

+0002 

+0-035 

+0-070 

+0-118 

12 

H 

0002 


1-9 

4 


j 78-295 Air { 
* 21-705 n ' 

99 657 


-0-535 

—0*034 

-0-569 

-0-571 

+0-525 

34 

12 

003 

0*11 

1-85 

5 

2800 

/ 9-2 Air 1 
‘90-8 II ’ 

86-885 

7244 

+0-041 


+0-044 

+0*05 

+0-143 

27 

10 



1*75 

6 


/ 1*798 Air 1 
' 98-202 H ’ 

79-84 

7-572 



+0-046 

+0-058 

+0-075 

23 

8 

0-008 


2-85 

7 


/ 4-795 Air 
‘ 95-205 H " 

74 08 

6-654 

+0054 

+0*004 

+0-058 

+0-078 

+0-126 

17 

10 

0-016 

0-11 

6-6 

8 

2650 

/ 67-75 Air' 

' 32 25 H ‘ 

13097 

6-717 

-0-571 



—0*466 

+0-383 

12 

6 

0-01 


2-6 

9 

3800 

/ 4-07 Airl 
' 95-93 II ‘ 

100-72 

6*781 

+0039 

+000‘2 

+0*041 

+0-041 

+0-08 

10 

10 

0-012 

0-078 

ED 

10 

2700 

) 58-29 Air 5 

41 41 71 II " 

144 02 





-0-375 

+0-317 

8-5 

8 

0 011 


3-6 

11 

1900 

f 91-81 Air ' 
t 8-19 H / 

152-67 

pfffl 



— 1*101 

-0*721 


9 

8 

0 

0-225 

90 

13 

1760 

/ 97-56 Air ’ 

' 2-44 H ' 

138 55 

7-474 

-1032 


-1-142 

-0-825 


13 

8 

0001 

0*053 

8-2 

13 

3100 

4-375 Air' 

' 95-625 n ‘ 

87-74 

88-66 

+0178 


1 

+0215 


14 

6 

0-08 

017 

4-6 

14 

3300 

' 6 08 Air 
‘ 93 92 H ' 

9152 

92*951 

+0081 


9 


+0*132 

18 

8 

0157 

007 

3-2 

15 

3000 

/ 5-043 Air’ 

; 94-957 H ' 

73-99 

90-353 

+0072 


:;;l 



20 

10 

0-18 

0*11 

1-65 

16 

3000 

2-99 Air ' 
9701 H ’ 

85-15 

89*242 

+0111 


+0*118 

+0*139 


42 

15 

0-472 

0*44 

32 

17 

2900 

’ 413 Air’ 
95 87 II 

104-72 

89-858 

+0-073 





15-5 

10 

0-09 


6-2 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 


Remarks on the Tables. 

The correction for conduction of heat through the plug, inserted in column 6 of 
Table I., and in column 7 of the rest of the Tables, was obtained from data furnished 
by experiments in which the difference between the temperature of the bath and the 
air was purposely made very great. It was considered as directly proportional to 
the difference of temperature, and inversely to the quantity of elastic fluid transmitted 
in a given time. 

The 10th column of Tables II., III., IV., and V. is calculated on the hypothesis that, 
in mixtures with other gases, atmospheric air retains its thermal qualities without 
change. This hypothesis is almost certainly incorrect, since it is reasonable to expect 
that the effect of mixture on the physical character is experienced by each of the con* 
stituent gases. The column is given as one method of showing the effect of mixture. 

Effect of Mixture on the Constituent Gases . — Although the experiments on nitrogen 
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given in Table III. are not so numerous as might be desired, we may infer from them, 
and the results in Table II., that common air and all other mixtures of oxygen and 
nitrogen behave more like a perfect gas, i. $. give less cooling effect than either one or 
the other gas alone. We might expect the mixture to be something intermediate 
between the two. But this does not appear to be the case. The two are very nearly 
equal in their deviations from the condition of a perfect gas. Nitrogen deviates less 
than oxygen, but oxygen mixed with nitrogen differs less than nitrogen ! 

In the case of carbonic acid, which at low temperatures (7°) deviates five times as much 
as atmospheric air, we might expect that a mixture of C0 2 and air would deviate more 
than air and less than C0 2 . This is the case (see Table IV.). Further, we might 
expect the two to contribute each its proportion of cooling effect according to its own 
amount, and its specific heat volume for volume. But do the mixtures exhibit such a 
result! No ! See column 10, Table IV., in which also note, under experiments 8 and 9, 
the great diminution produced by the admixture of hydrogen. 

Jf, instead of attributing to air and carbonic acid moments in proportion to their 
specific heats, or 1 : 1-39, as we have done in column 10, we use 1 : '7, we obtain more 
consistent results. 

Let $ denote the cooling effect experienced by air per 100 inches of mercury, h' that 
by carbonic acid, and A that by a mixture of volume V of air, and V' of carbonic acid ; 
then we may take 

A _t»V8+irfW 


to represent the cooling effect for the mixture, where m and m' are numbers which we 
may call the moments (or importances) of the two in deter mining the cooling effect for 
the mixture. The ratio of m to ml is the proper result of each experiment on a mixture, 
if we knew with perfect accuracy the cooling effect for each gas with none of the other 
mixed. Now for common air we have direct experiments (Table I.), and know the 
cooling effect for it better than from any inferences from mixtures. But for pure C0 2 
we know the effect, for the most part, only infercntially. Hence, having tried making 
m: m ! :: 1 : 1*89 without obtaining consistent results, we tried other proportions; and, 
after various attempts, found that m ; m ! : : 1 : *7, for all temperatures and pressures 
within the limits of our experiments, gives results as consistent with one another as the 
probable errors of the experiments justify us in expecting. Thus, using the formula 

A V$+V'S'x-7 
V+ V' x *7 * 


we have, for calculating the effect for C0 2 from any experiment on a mixture, the follow- 

^ f0nnUla ’ v (V+ V'x’7)A— V8 

d — y x .7 * 


Hence, using the numbers in columns 3 and 9 of Table IV. which relate to mixtures of 
air and carbonic acid alone, we find 
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Table VI. 


No. of 
experiment. 

Proportions of 
mixtures. 

Temperature 
of bath. 

Thermal effect 
for air. 

Deduced thormal 
effect for pure CO a . 


Air. 

CO a . 


o 

o 

i 

68-42 

31-58 

7-36 

—88 

- 4-51 

2 

89-16 

10-84 

7-36 

-•88 

- 4*61 

3 

3-52 

96-48 

7-38 

-•88 

— 4-46 

4 

62-5 

37-5 

7-41 

-•88 

— 4*19 

5 

88-13 

11-87 

7*43 

-•88 

— 3*98 

6 

97-46 

254 

7-61 

— 88 

- 3-89 

16 

1-83 

98-17 

35-6 

—75 

- 3-44 

14 

67-7 

32-3 

49-7 

— 7 

- 3-04 

15 

87-77 

12-23 

49-76 

-• 7 

- 2*77 

13 

0-83 

99-17 

54 

—66 

- 2-96 

10 

2-11 

97-89 

93-52 

-•51 

— 2-19 

11 

56-78 

43-22 

91-26 

—51 

— 2-21 

12 

77-77 

22-23 

91-64 

-•51 

- 3-08 

* 17 

1 - 66 . 

98-34 

97-55 

-•49 

- 2-16 


12 3 4 5 


The agreement for each set of results at temperatures nearly agreeing (with one excep- 
tion, No. 12), shows that the assumption m : m ' : : 1 : *7 cannot be far wrong within our 
limits of temperature. 


[Received subsequently to the reading of the Paper.] 

Application of the preceding results to deduce approximately the Eguation of Elasticity 

for the gases experimented on. 

The “.equation of elasticity ” for any fluid is the most appropriate name for the equa- 
tion expressing the relation between the pressure and the volume of any portion of the 
fluid. As this relation depends on the temperature, the equation expressing it involves 
essentially three variables, which, as in our previous communications on this subject, we 
shall denote by v, t. Of these, p is the pressure in units of force per unit of area, 
v the volume of a unit mass of the fluid, and t the temperature according to the abso- 
lute thermodynamic system of thermometry * which we have proposed. As before, we 
shall still adopt a degree, or thermometric unit, agreeing approximately with the degree 
Centigrade of the air-thermometer ; according to which, as we have demonstrated by 
experiment f , the value of t for the freezing-point is within a few tenths of a degree of 
273*7 (its value at the standard boiling-point being, by’ definition of the Centigrade 
scale, 100° more than at the freezing-point). 

Instead of, as in our previous communications, taking v and t as independent variables, 
we shall now take p and t ; and we shall accordingly consider the object of the equation 
of elasticity as being to express v explicitly as a function of p and t. Whatever may be 
the relation between these elements, the thermal effect, d% (reckoned as positive when 
it is a rise in temperature), produced by forcing the fluid in a continuous stream through 
a narrow passage or porous plug by an infinitely small difference of pressures, dp, will 
* Philosophical Transactions, 1851, p. 350. t Ibid. p. 352. 
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lie given by the formula 


d$_ 1 / dv \ 

dp JKy V )' 


where K denotes the thermal capacity, under constant pressure, of unit of mass of the 
fluid. This formula may be derived from equation (15.) of our previous communica- 
tion already referred to, by substituting p, v, and — ^ for P, V, and l in that equation, 
changing to p and t, instead of v and t, as independent variables, and differentiating 
with reference to p. It is scarcely necessary to remark that a direct demonstration of 
our present formula, founded on elementary thermodynamic principles, may be readily 
obtained. 


Each experiment, of the several series recorded above, gives a value for which is 

dp 

found by multiplying the “ corrected thermal effect ” by — , to reduce from the 


amounts per 100 inches of mercury to the amounts per pound per square foot. Now 
by examining carefully the series of results for different temperatures, in the cases of 
atmospheric air and of carbonic acid, we find that they follow very closely the law of 
varying inversely as the square of the absolute temperature (or temperature Centigrade 
with 273*7 added). Thus for air the formula 


and for carbonic acid 



express, the former almost accurately, the latter with a deviation which we shall here- 
after investigate, the results through the whole range of temperature for which the 
investigation has been carried out. 


Temperature. 

o 

0 

7*1 

39*5 

92*8 


Temperature. 

O 

0 

7*4 

35*6 

64-0 

93-5 

97*6 


Air. 

Actual cooling effect. 

°*92 

*88 

•75 

•51 

Carbonic acid. 
Actual cooling effect. 

4*64 
4-37 
3-41 
2-95 
2-16 
214 
4 L 


Theoretical cooling effect. 

°-92 

•87 

•70 

•51 


Theoretical cooling effect. 

4-64 

4-4 

3-63 

3-23 

2-57 

2-62 


MDCCCLXII, 
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\Vc have not experiments enough to establish the law of variation with temperature 
of the thermal effect for the pure gases oxygen and nitrogen, or for any stated mixture 
of them other than common air ; but there can be no doubt, from the general character 
of the results, that the same law will be about as approximately followed by them as 
it is by air. 

Hence we may presume that in all these cases the cooling effect is very well repre- 
sented by the formula 



Comparing this with the general formula given above, we find 

do / 273*7 V 

t w -v=AJK(—r) . 

The general integral of this differential equation, for v in terms of t, is 

P denoting an arbitrary constant with reference to t, which, so far as this integration is 
concerned, may be an arbitrary function of p. To determine its form, we remark in the 

c 

first place, in consequence of Boyle’s law, that it must be approximately -, C being 

independent of both pressure and temperature ; and thus, if we omit the second term, 
we have two gaseous laws expressed by the approximate equation 



P 


Now it is generally believed that at higher and higher temperatures the gases approxi- 
mate more and more nearly to the rigorous fulfilment of Boyle’s law. If this is true, 

r i 

the complete expression for P must be of the form — , Since any other would simply 

show deviation from Boyle’s law at very high temperatures, when the second term of 
our general integral disappears. Assuming then that no such deviation exists, we have, 
as the complete solution, 

ct , A tit /273-7V 

This is an expression of exactly the same form as that which Professor Rankine found 
applicable to carbonic acid, in the first place to express its deviations from the laws of 
Boyle and Gay-Lussac, as shown by Regnault’s experiments, and which he afterwards 
proved to give correctly the law and the absolute amount of the cooling effect demon- 
strated by our first experiments on that gas*. 

That more complicated formula? were found for the law of elasticity for common 
air both by Mr. Rankine and by ourselves, now seems to be owing to an irreconcile- ‘ 
ability among the data we had from observation. The whole amounts of the devia- 

• Philosophical Transactions, 1854, Part II. p. 836. 
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tions from the gaseous laws are so small, for commoh air, that very small absolute errors 
irr observations of so heterogeneous a character as those of Kegnault on the law of 
compression and on the chaitges produced by pressure in the Coefficients of expansion, 
and our own on the thermo-dynamic property on which we have experimented, may 
readily present us with results either absolutely inconsistent with one another, or only 
reconcileable by very strained assumptions. It is satisfactory now to find, when we have 
succeeded in extending our observations through a considerable range of temperature, 
that they lead to so simple a law ; and it is probable that the formula we have been led 
to by these observations alone, will give the deviations from Boyle’s law, and the changes 
produced by pressure in the coefficients of expansion, with more accuracy than has 
hitherto been attained in attempts to determine these deviations by direct observation. 
We must, however, reserve for a future communication the comparison between such 
results of our theory and experiments and Keg fault’s direct observations. In the 
mean time we conclude by putting the integral equation of elasticity into a more con- 
venient form, by taking C=|^-, where ^ denotes the “ height of the homogeneous atmo- ' 

l Q 

^sphere” for the gas under any excessively small pressure, at any temperature t c , and 
taking t o to denote the absolute temperature of freezing water, in which case we shall 
have, as nearly as observations hitherto made allow us to determine, 

/ = 273 °* 7 . 

o 

Then, in terms of this notation, and of that above explained, in which t, p, v denote 
absolute temperature, pressure in pounds weight per square foot, and volume in cubic 
feet of one pound of air, the equation of elasticity investigated above becomes 


»=1H AJK 



where A denotes the amount of the thermal effect per pound per square foot, deter- 
mined by our observations, reckoned positive when it is a depression of temperature. 
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XXVI. On the Law of Expansion of Superheated Steam. 

By William Fairbairn, Esq., LL.D F.B.S . , and Thomas Tate, Esq. 

Deceived March 20, — Bead April 3, 1862. 


The following experiments have been undertaken to verify the law of expansion for 
superheated steam indicated in a previous paper*. 

The earliest experiments on the subject were made by Mr. Frost in America, but 
without sufficient accuracy to be of scientific value. Mr. Siemens has also experimented 
on the expansion of steam isolated from water ; his results give a much higher rate 
of expansion for steam than for ordinary gases ; but, owing to the obvious defects of 
Mr. Siemens’s method of conducting the experiments, we consider that his results are not 
reliable. 

For gases, the rate of expansion is expressed by the formula, for constant volume, 


P _E + * 

Pi“E + V 


( 1 ) 


where Fj is a constant derived from experiment and determined by Regnault to be 459 
in the case of air In the paper alluded to, it was shown that, with a certain proviso, the 
rate of expansion of superheated steam nearly coincided with that of air. Within a 
short distance of the maximum temperature of saturation, the rate of expansion of steam 
was found to be exceedingly variable ; near the saturation-point it is higher than that of 
air, and it decreases as the temperature is increased until it becomes sensibly identical 
with that of air. The results on which this law was based were too limited in their range 
for much numerical accuracy in the constants deduced. 

Hence it has been our object in the present paper to supply the deficiency in the 
previous one, by affording experimental data of the expansion of steam at higher tem- 
peratures and with a greater range of superheating than was possible with the 
apparatus employed in ascertaining the density of steam. The results obtained in these 
later researches, however, confirm the general law deduced from the previous ones. 

The annexed diagram represents the experimental apparatus employed where the pres- 
sures did not exceed that of the atmosphere. It consists of a glass globe a , about three 
inches in diameter, and with a stem about thirty-five inches long. The capacity of this 
globe was known to a point h on the stem, where a piece of fine platinum wire was twisted 
round it to mark accurately the level to which the mercury column in the stem was to be 
brought to maintain a constant volume in the globe. The stem dipped below into the 


* “ Experimental Researches on the Density of Steam at different Temperatures, and to determine the 
Law of Expansion of Superheated Steam,” Phil. Trans. 1860, p. 185. 
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1^-inch tube d, which was supported on a 
frame of wood e e, sliding up and down ver- 
tically on the larger frame ff, on which the 
apparatus was supported. The frame e e, and 
the tube d, were balanced by cords passing over 
pulleys in the top of the frame, and weighted 
by bags filled with small pieces of iron. In this 
way the tube d could be adjusted with the 
greatest facility, so as to maintain the upper 
level of the mercury column at a constant posi- 
tion. To read the lower and variable level of 
the column, a rod g g, graduated into tenths 
of an inch, was fixed vertically, carrying a 
finger and vernier, A, which could be made to 
coincide accurately with the top of the menis- 
cus of mercury, c. 

For heating the globe, a glass bath, k, con- 
taining oil, was provided, fixed in an outer iron 
mercury bath, l. This was heated by a coil of 
gas-jets, and the oil was stirred continually, 
excepting at the instant of adjusting the 
upper level of the column to the level of 
the platinum wire. The globe was fixed in 
the oil-bath by a stuffing-box. 

The method of conducting the experiments 
was as follows. The globe a was filled with 
dry and warm mercury, the air-bubbles being 
extracted from time to time by an air-pump. 
It was then inverted to form a Torricellian 
vacuum. A small glass globule of water was 
then inserted, the platinum wire fixed in its 
place, and an india-rubber cap fitted over the 
extremity of the stem. It was then transferred 
to its place in the oil-bath, and fixed there. 
The india-rubber cap was replaced by an open 
glass cistern, so that the glass tube d could be 
elevated to its position. The gas-jets were 
lighted, and the temperature raised to 300°. 
From this point the levels of the column were 
read off at intervals of 50° until the temperature 
of saturation was reached. The levels were 
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taken in a series of descending temperatures, to avoid the influence of steam boiling out 
of the mercury as the temperature rose, and to eliminate the effect of the cohesion of 
the glass on the water, as explained in our previous paper on the Density of Steam. 

Capacity of the Globe. 

Twelve cubic inches of mercury were measured into the globe, and a file-mark made 
on the stem. 

Below the first file-mark, at a distance of 14*45 inches, another file-mark was made to 
afford a fixed point for ascertaining the correspondence of the upper file-mark with the 
readings on the fixed graduated rod or cathetometer. 

Correction of Readings. 

Let a be the reading, on the fixed rod of the level of the column ; b be the reading of 
the lower file-mark on the globe-stem. Then 

+b — a=the height of the column of mercury in the globe-stem. 

To correct this for temperature, 7^ inches of mercury, included in the oil-bath and 
its stuffing-box, were corrected for the temperature of the oil, and the remainder for the 
temperature of the atmosphere at the time. 

By deducting the column so corrected from the reading of the barometer at the time, 
the total pressure in the globe is obtained. 

The readings of the thermometer are corrected for the portion out of the oil-bath. 

The pressure of the vapour of mercury is calculated from data supplied with great 
courtesy by M. Regnault, and embodying the results of unpublished experiments. The 
pressure of this vapour is assumed to be the same as that in a vacuum, as the vapour in 
the globe remains still for a sufficient time (it is believed) for saturation to take place. 
In this view we have been strengthened by M. Regnault’s opinion. 

By deducting the pressure of mercury vapour from the total pressure in the globe, the 
pressure of the steam is obtained. 


Experiment I. 


0*285 grain of water introduced into globe. 


Time. 

Temperature 
in oil-bath, 

Cathetometer, 

Column of 
mercury, in 

Temperature 
of air, 

Remarks. 


Fahr. 


inches. 

Fahr. 

> 

h m 




o 


4 46 

250 

■ 1 1 M 

25*57 

58 

Barometer read 30 33 inches, or, corrected 

4 55 

9 5 8 

250 

300 

10*96 

11*40 

25*57 

25*13 


to 32° F., 30-27 in. 

The lower file-mark read 22*08 inches on 
the cathetometer. 

5 14 

300 

11*38 

25*15 


6 17 

300 

11*40 

25*13 



5 20 

300 


25*13 



5 37 

250 

10*97 

25*56 



5 40 

250 


25*57 



6 0 

200 

10*63 

25*90 



6 8 

200 


25*93 



6 13 

200 


25*93 



6 45 

150 

10*28 

26*25 



6 50 

150 

mmm. 

26*28 



7 85 

100 

7*90 

28*63 

57 

Barometer read 30*36 inches, or, corrected 

7 30 

100 

7*87 

28*66 

to 32° F., 30*30 inches. 


4 M 2 
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Summary of, Results. 


Temperature, 

Fahr. 

Mean column 
of mercury, 
in inches. 

Mean column 
corrected to 
32°. 

. 

Total pressure 
in globe, in 
inches. 

Volume of 
globe corrected 
for expansion 
of glass, in 
grs. of water. 

♦ 

Pressure of 
vapour of mer- 
cury, in inebea. 

Pressure of 
steam, in 
inches. 

Value of E. 

302*88 

251*64 

200*74 

150*18 

100*00 

25*13 

25*55 

25*92 

26*26 

28*64 

24*89 

25*34 

25*75 

26*13 

28*54 

5*38 

4*94 

4*54 

4*17 

1*76 

3045*5 

3043*4 

3041*2 

3039*1 

3037*0 

0*1736 

0*066 

0*024 

0*008 

0*003 

5*21 

4*87 

4*52 

4*16 

1*76 

474*48 

450*11 

428*88 


Experiment II. 

0*405 grain of water intioduced into globe. 


1 Time. 

i 

f 

Temperature 
in oil-bath, 
Fahr. 

Cathetometor, 
in inches. 

; Column of 
• mercury, in 
indies. 

Temperature 
of air, 
Fahr. 

.Remarks. 

J h m 




o 


4 30 

300 

13*43 

23*16 

59 

Barometer read 3038 inches throughout 

4 40 

300 

13*45 

23*14 


the experiment, or, corrected to 32° F., 

4 45 

302 

13*50 

23*09 


3031 indies. 

Lower file-mark read 22' 14 inches on the 

4 50 

300 

13*49 

23*10 


cathetometor. 

5 10 

250 

12*90 

23*69 



5 16 

250 

12*90 

23*69 



| 5 20 

250 

12*90 

23*69 



1 5 40 

200 

12*43 

24*16 

60 


6 45 

200 

12*43 

24*16 



5 50 

200 

12*43 

24*16 



1 6 10 

150 

11*94 

24*65 



1 6 15 

150 

11*98 

24*61 



6 20 

150 

11*97 

24*62 



6 25 

150 

11*97 

24*62 




Summary of Results. 


Temperature, 
Fahr., 
c irrected. 

Mean column 
of mercury, 
in inches. 

Mean column 
corrected to 
32°. 

Total pressure 
in globe, in 
inches. 

Volume of 
globe corrected 
for expansion 
of glass, in 
grs. of water. 

Pressure of 
vapour of mer- 
cury, in inches. 

Pressure of 
steam, in 
inches. 

Value of E. 

302*88 

23*11 

22*87 

7*44 

3045*5 

0*174 

7-27 

1 

251*64 

23*69 

23*49 

6*82 

3043*4 

0*066 

6*76 

>455*57 * 

200*74 

24*16 

23*99 

6*32 

3041*2 

0*024 

6*30 

J 

150*18 

24*62 

24*49 

5*82 

i 

3039*1 

0*008 

5*81 

443*86 


In the readings at 251*04 some error seems to have crept in. In deducing E, the 
readings at 302*88 and 200*74 are therefore taken. 
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Experiment III. 

0*54£ grain of water introduced into globe. 


Time. 

Temperature 
of oil-bath, 
Fahr. 

Cathetometer, 
in inches. 

Column of 
mercury, in 
inches. 

Temperature 
of air, 
Fahr. 

Remarks. 

h m 






3 55 

299 

16*05 

20*26 

59 

Barometer read 30-13 inches, or, corrected 

4 0 

300 

16*05 

20*26 


to 32° F., 3006 inches throughout the 

4 5 

300 

16*05 

20*26 


experiment. 

Tjo wor file-mark read 21*86 inches on the 

4 33 

250 

15*33 

20-98 


cathetometer. 

4 40 

250 

15*32 

20*99 

60 


4 45 

250 

15*34 

20*97 



5 3 

200 

14*66 

21*65 


• 

5 10 

200 

14*66 

21*65 



5 14 

200 

14*65 

21*66 

61 


5 32 

150 

13*05 

23*26 


Condensation in globe. 

5 37 

150 

13*10 

23*21 



5 43 

150 

13*05 

23*26 

i 

» 

1 


Summary of Kcsults. 


Temperature, 

Fahr., 

corrected. 

Mean column 
of mercury, 
in inches. 

Mean column, 
corrected to 
32 1 . 

Total pressure 
in globe, in 
inches. 

| Volume of | 

globe corrected! Pressure of | Pressure of 
for expansion vapour of iner- stearn, in 

of glass, in cury. in inches. inches, 

grs. of water. 1 j 

• 

Value of E. 

1 

302*88 

251*64 

200*74 

150*18 

20*26 

20*98 

21*65 

23*25 

20*03 

20*78 

21*49 

23*12 

10*03 

9*28 

8*57 

6*94 

3045*5 

3043*4 

3041*2 

3039*1 

0*174 

0*066 

0*024 

0*008 

9*86 

9*21 

8*55 

6*93 

466*85 

451*94 

109*74 

_ . i 


Experiment IV. 

0'53 grain of water introduced into globe. 


Time. 

Temperature 
in oil -hath, 
Fahr. 

Cat bolometer, 
in inches. 

Column of 
mercury, in 
inches. 

Temperature 
of air, 
Fahr. 

Remarks. 

h m 

o 





12 0 

300 

16*62 

20*63 

65 

Barometer read 30*17 to 30- 18 inches during 

12 5 

300 

16*62 

20*63 


experiment, the corrected reading being 30*00 

12 15 

300 

16*61 

20*64 


inches. 

Lower file-mark read 22*80 inches on the cathe- 

12 44 

250 

15*93 

21*32 

65 

tometer. 

12 51 

250 

15*92 

21*33 



1 5 

250 

15*92 

21*33 



1* 38 

200 

15*27 

21*98 



1 45 

200 

15*28 

21*97 



1 52 

200 

15*28 

21*97 

66 


2 35 

150 

13*95 

23*30 



2 47 

150 

14*00 

23*25 



3 0 

150 

14*01 

23*24 



3 5 

150 

14*00 

23*25 



3 20 

165 

14*80 

22*45 


! 

3 23 

165 

14*79 

22*46 

67 

1 
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Summary of Results. 


Temperature, 

corrected. 

Mean column 
of mercury, 
in inches. 

Mean column, 
corrected to 
32°. 

Total pressure 
in globe, in 
inches. 

Volume of 
globe corrected 
for expansion 
of glass, in 
grs. of water. 

% 

Pressure of 
vapour of mer- 
cury, in inches. 

Pressure of 
steam, in 
inches. 

Value of E. 

302*88 

20*63 

20*39 

9*70 

3045*5 

0*174 

9*53 

464*83 

| 251*64 

21*33 

21*12 

8*97 

3043*4 

0*066 

8*90 

4firt*7Q 

j 200*74 

21*97 

21*80 

8*29 

3041*2 

0*024 

8*27 

378*33 

165*45 

22*46 

22*31 

7*78 

3039*7 

0*011 

7*77 

v/ O ww 

150*18 

1 

23*25 

23*11 

6*98 

3039*1 

0*008 

6*97 



Experiment V. 

0*875 grain of water introduced into globe. 


Time. 

Temperature 
in oil-bath, 
Fahr. 

Cathctometer, 
in inches. 

Column of 
mercury, in 
inches. 

Temperature 
oi air, 
Fahr. 

Remarks. 

' h 

m 

o 



o 

Barometer read 3013 inches, or, corrected to 

i 

10 

300 

23*25 

14*03 

63*5 

1 

15 

301 

23*27 

14*01 


32° F., 30 06 inches. 

i 

20 

300 

23*26 

14*02 


Lower file-mark read 22 83 inches on tho cathe- 

t/miot/vr 

i 

25 

300 

23*25 

14*03 



i 

45 

250 

22*14 

15*14 



i 

50 

250 

22*11 

15*17 



2 

0 

250 

22*14 

15*14 


i 

i 

2 

5 

250 

22*13 

15*15 



2 

35 

200 

21*00 

16*28 



2 

41 

200 

21*00 

16*28 



2 

45 

200 

21*01 

16*27 

63*5 


2 

50 

200 

1 21*00 

16*28 



3 

5 

180 

20*50 

16*78 



3 

15 

180 

20*49 

16*79 



3 

20 

180 

20*49 

16*79 

64*0 


3 

35 

165 

17*27 

20*01 



3 

45 

167 

17*85 




3 

50 

165 

17*32 

19*96 



4 

0 

165 

17*30 

19*98 




Summary of Results. 


Temperature, 

Fahr., 

corrected. 

Mean column | 
of mercury, 
in inches. 

Mean column, 
corrected to 
32°. 

Total pressure 
in globe, in 
inches. 

Volume of 
globe corrected 
for expansion 
of glass, in 
grs. of water. 

Pressure of 
vapour of mer- 
cury, in inches. 

Pressure of 
steam, in 
inches. 

Value of E. 

165*45 

180*72 

200*74 

251*64 

302*88 

19*98 

16*79 

,16*28 

15*15 

14*02 

19*84 

16*65 

16*13 

14*97 

13*80 

10*22 

13*41 

13*93 

15*09 

16*26 

3039*7 

3040*6 

3041*2 

3043*4 

3045*5 

0*011 

0*016 

0*024 

0*066 

0*174 

10*21 

13*39 

13*91 

15*02 

16*09 

430*90 

460*28 
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ft 

Summary of Results. 

The law of expansion of gaseous bodies is expressed by the formula 

E + t PV 
E+#- 


E: 


PV/j-PjV^ 

: P,V,-PV ’ 


where E is a constant. The values of E thus deduced have been placed in the last column 
of the foregoing Tables. They show a decreasing rate of expansion from the saturation- 
point upwards until (at a certain increase of temperature) the rate of expansion coincides 
with that of a perfect gas. 

Taking from the preceding Tables the two results, which in each case represent the 
rate of expansion at the greatest distance from the saturation-point, we have the 
following values of E : — 


(1) 474-48 

450- 11 

(2) 455-57 
443-86 

(3) 466-85 

451- 94 

(4) 464-83 
460-79 

(5) 460-28 

9)4128-71 
Mean value of E= 458-74 


The value of E for air, as ascertained by Regnault, is 459. That assumed for a perfect 
gas by Ranjkine is 461-2. 

Hence the conclusion which we suggested in our previous paper has been satisfactorily 
demonstrated in more carefully conducted experiments, and the rate of expansion of 
superheated steam is shown to be almost identical with that of air and other permanent 
gases, if calculated at temperatures not too close to the maximum temperature of 
saturation. 
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XXVH. On the Long Spectrum, of Electric Light. By G. G. Stokes, M.A., JD.C.L . , 
Sec. B.S . , Lucasian Professor of Mathematics in the University of Cambridge. 

Received June 19, — Read June 19, 1862. 

Introduction. 

The experimental researches described in a former paper * led me indirectly to the con- 
clusion that the electric spark, whether obtained directly from the prime conductor of 
an ordinary electrifying machine, or from the discharge of a Leyden jar, emits rays of 
very high refrangibility, surpassing in this respect any that reach us from the sun — and 
that these rays pass freely through quartz, while glass absorbs them, as it does also the 
most refrangible of the solar rays. I was induced in consequence to procure prisms and 
a lens of quartz, which were applied in the first instance to the examination of the solar 
spectrum, and which immediately revealed the existence of an invisible region extending 
as far beyond that previously known as the latter extends beyond the visible spectrum, 
and exhibiting a continuation of Fraunhofer’s lines f. A map of the new lines was 
exhibited at an evening lecture delivered before the British Association at their Meeting 
in Belfast in the autumn of the same year ; and I then stated that I conceived we had 
obtained evidence that the limit of the solar spectrum in the more refrangible direction 
had been reached. In fact, the very same arrangement which revealed, by means of 
fluorescence, the existence of what were evidently rays of higher refrangibility coming 
from the electric spark failed to show anything of the kind when applied to the solar 
spectrum. At least, the only link in the chain of evidence which remained to be sup- 
plied by direct experiment related to the reflecting power, for rays of high refrangibility, 
of the metallic speculum of the heliostat which was employed to reflect the sun’s rays 
into a convenient direction ; and this was shortly afterwards tested by direct experiment, 
on rays from an electric discharge separated by prismatic refraction. 

In making preparations for a lecture on the subject delivered at the Royal Institution 
in February 1853, in which I had the benefit of the kind assistance of Mr. Faraday, 
recourse was naturally had to electric light, on account of the extraordinary richness 
which it had been found to possess in rays of high refrangibility. Although fully pre- 
pared to expect rays of much higher refrangibility than were found in the solar spectrum, 

I was perfectly astonished, on subjecting a powerful discharge from a Leyden jar to 
prismatic analysis with quartz apparatus, to find a spectrum extending no less than six 
or eight times the length of the visible spectrum, and could not help at first suspecting 
that it was a mistake arising from the reflexion of stray light. A similarly extensive 

* “ On the Change of Refrangibility of Light,” Phil. Trans, for 1852, p. 463. t Ibid. p. 559. 

MDCCCLXII. 4 N 



600 PROFESSOR STOKES ON TIIE LONG SPECTRUM OF ELECTRIC LIGHT. 


spectrum was obtained from the voltaic arc, and this was sufficiently bright to be exhi- 
bited to the audience, the arc passing between copper electrodes, and the pure spectrum 
formed by quartz apparatus being received on a piece of uranium glass cut for the pur- 
pose. The spectrum thus formed was found to consist entirely of bright lines *, whereas 
the spectrum of the discharge of a Leyden jar had appeared (perhaps from not having 
been truly in focus) to be continuous, or at least not wholly discontinuous. 

The mode of absorption of light by coloured solutions, as observed by the prism, affords 
in many cases most valuable characters of particular substances, which, strange to say, 
though so easily observed, have till very lately been almost wholly neglected by chemists. 
Having obtained the long spectrum above mentioned, I could not fail to be interested 
with the manner in which substances, especially pure but otherwise imperfectly known 
organic substances, might behave as to their absorption of the rays of high refrangibility. 
But the difficulties attending the habitual use of a nitric-acid battery of 30 or 40 cells 
deterred me from entering on this investigation, and I determined to confine myself to 
the solar spectrum. 

On account of some inconvenience attending the tarnishing of the speculum of my 
heliostat, I was induced to order a quartz plate, intended to be either silvered or coated 
with the usual amalgam of tin. On trying on a small scale the reflecting power of such 
plates with respect to the invisible rays, which may be done by means of fluorescence 
almost as easily as if those rays were visible f, I noticed a remarkable falling off in 
the reflecting power of the silvered plate for the most refrangible of the solar rays, which 
I readily found was due to a peculiarity of the metal silver. This metal is highly reflective 
for the invisible as it is for the visible rays up to about the fixed line S $, when its reflecting 
power falls off, with remarkable rapidity, and for the more refrangible rays of the solar 
spectrum is comparable with that of a vitreous substance rather than with that of a metal. 
Steel, gold, tin, &c. showed nothing of the kind, but copiously reflected the invisible rays. 

A few years ago, as Dr. Robinson was showing me some experiments with the 
induction coil, it seemed worth while to try whether the spark obtained when a Leyden 
jar has its coatings connected with the secondary terminals might not be sufficiently 
strong to exhibit by projection the long spectrum shown by electric light. On 
projecting a spectrum formed by a prism and lens of quartz on a piece of uranium glass, 
the long spectrum was in fact exhibited. It was not, indeed, so bright as when formed 
by means of a powerful voltaic battery, but nevertheless was quite bright enough to 
work by. It was discontinuous, consisting of bright lines. On changing the metals 
between which the spark passed, we found that the lines were changed, which showed 
clearly that they were due to the particular metals. 

* Proceedings of the Royal Institution, vol. i. p. 264. -f Philosophical Transactions for 1852, p. 687. 

t According to the notation employed in the Map published in the Philosophical Transactions for 1859, 
Plate XLVII. In this Plate the group 9 should have been represented as three lines, of which the middle 
(specially named 9) divides the interval between the 1st and 3rd in the propoi^'on of 3 to 2 nearly, the spaces 
between the lines being a little darkened by shading. 
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A wide field of research was thus thrown open to any one taking the very moderate 
trouble attending the use of an induction coil. It remained to study the lines given by 
different metals and gases, and the absorbing action of various substances with respect to 
the invisible rays of different refrangibilities. 

Various observations were made from time to time in this subject. As regards the 
metallic lines, it is perfectly easy to view them at pleasure ; but to obtain faithful deli- 
neations of them is another matter. Even an accomplished artist would find difficulty 
in obtaining by mere eye-sketching a faithful representation of an object which requires 
to be seen in the dark. I tried different methods without being able to satisfy myself 
as to the accuracy of the drawings which could be thus obtained, and frequently thought 
of resorting to photography. 

Meanwhile the mode of absorption of the rays of high refrangibility by a good number 
of substances was observed. Nothing is easier, to a person provided with a cell with parallel 
faces of quartz, than to observe by means of fluorescence the mode of absorption of these 
rays by a given solution ; but to draw safe conclusions as to the optical character in this 
respect of the substance deemed to be in solution is not so easy as it might appear ; 
for the rays of high refrangibility are liable to be absorbed by an exceedingly small 
amount of an impurity which may chance to be present without the observer’s know- 
ledge. Thus I found that about a quarter of a square inch of clean filtering paper suffi- 
ciently contaminated the water contained in a small cell to interfere sensibly with its 
transparency. Should the solution be transparent there would be no difficulty, for the 
effect of an impurity would not be to render transparent a solution which otherwise 
would be opaque. Should it, on the other hand, absorb the invisible rays, or some of 
them, with great energy, or in a peculiar manner, we might again conclude that we had 
obtained the true character of the substance deemed to be observed. The most remark- 
able example of this kind which I met with among inorganic colourless solutions was in 
the case of nitric acid and its salts, such as nitrate of potash, soda, ammonia, baryta, 
which absorb the rays of high refrangibility with great energy and in a peculiar 
manner, exhibiting a maximum of opacity followed by a maximum of transparency, 
beyond which the absorption becomes still more energetic than before. But if the 
solution should be found to absorb the rays of high refrangibility with only moderate 
energy, it would be left doubtful whether the observed absorption might not be due to 
some impurity ; and I did not see how this doubt could be solved otherwise than by a 
laborious system of recrystallizations. 

After having obtained these results, I found by conversation with my friend 
Dr. Miller that he also had been engaged at the same subject, working by photo- 
graphy, and had prepared a number of photographs of metallic spectra, and studied 
by the same means the absorption of the rays of high refrangibility by a great variety 
of substances, chiefly inorganic acids, bases, and salts, and the commoner organic bodies. 
Although a large part of the task which I had proposed to myself has thus been accom- 
plished in another way, there are many results which I have met with which are not 
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likely to have been obtained by one working by photography, and I have therefore 
thought it well to draw up a paper embodying these results, and thus forming, as it 
were, a supplement to the paper by Dr. Milleb. 

Preparation of a Screen by means of a Salt of Uranium. 

Few substances are more powerfully fluorescent than several of the salts of sesquioxide 
of uranium ; and a piece of glass coloured by uranium and polished along at least two 
planes at right angles to each other is exceedingly convenient, from its powerful fluo- 
rescence and its permanence, for a screen on which to receive a spectrum. Nevertheless 
such a screen, which must be viewed in particular directions in order to get the strongest 
effect, is in many cases less convenient than a screen would be which was prepared by 
means of a highly fluorescent powder treated like a water colour, which could be 
viewed in all directions indifferently. This is especially the case in taking measures by 
a method which will be mentioned presently. Besides, I find an excellent piece of such 
glass defective in fluorescent power as regards the extreme lines shown by aluminium ; 
and some specimens are defective to a much greater extent, which is doubtless due to 
impurities. Accordingly I have long regarded it as a desideratum to obtain by preci- 
pitation an insoluble or very sparingly soluble salt of sesquioxide of uranium which 
should be as fluorescent as the best salts of that base, and which might be treated like 
a water colour. I have now succeeded in preparing such a salt, though not by direct 
precipitation. 

The ordinary phosphate obtained by precipitation, the composition of which, inde- 
pendently of water of hydration, is P0 5 (U a 0 3 ) a H0, is only slightly fluorescent. If, 
however, this salt, with as much water as remains when it is washed by decantation, be 
put into a saucer, a little free phosphoric or sulphuric acid added, and then crystals of 
phosphate of soda, phosphate of ammonia, microcosmic salt, or borax be added in excess, 
the original salt is gradually changed into one which is powerfully fluorescent. The 
change seems to take place most rapidly with borax ; but as an excess of this salt is 
liable slowly to decompose the fluorescent salt first formed, it is better to employ a 
phosphate. The quantity of acid should be sufficient to leave a decided acid reaction 
when the liquid is fully saturated by the alkaline phosphate employed. The change 
may be watched by observing from time to time the fluorescence of the salt by daylight, 
with the aid of absorbing media. It is complete in a few days at furthest, when the 
salt is ready to be collected. 

This requires precaution, as the salt is quickly decomposed by dilute adds (and 
accordingly by its own mother-liquor if diluted), and even, though more slowly, by pure 
water, with the formation apparently of the original phosphate. It is also decomposed, 
at least in time, by alkaline carbonates, with the formation of a beautiful yellow non- 
fluorescent salt resembling the precipitate given by alkaline carbonates in salts of sesqui- 
oxide of uranium. The salt may be collected by adding at once, instead of water, a 
saturated solution of borax, in quantity at least sufficient to destroy the acid reaction. 
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The salt is then poured off in suspension from any undissolved crystals of the alkaline 
phosphate employed, and collected on a filter. A pressed cake of this salt, or a porous 
tile on which the salt is spread, having been moistened with a solution of borax, forms 
an admirable screen, and is what I have chiefly employed of late. It shows, of course, 
the visible as well as the invisible rays — the former by ordinary scattering, the latter by 
fluorescence. 

From the circumstances of its formation, the salt is probably (abstraction being made 
of the water of hydration) the original phosphate with the equivalent of constitutional 
water replaced by an equivalent of an alkali, which .would make it analogous to the 
highly fluorescent natural yellow uranite. At any rate this hypothesis guides us to its 
successful preparation, the conditions of which it would not have been easy to make out by 
observation alone. Without the use of free acid the fluorescence is not fully developed, 
which is accounted for by the insolubility of the original phosphate and the fluorescent 
salt, which presents an obstacle to the complete conversion of the one into the other. 

Metallic Lines. 

These may be viewed, as already mentioned, by passing the spark of an induction 
coil between two electrodes formed of the metal to be examined (the secondary terminals 
being respectively in connexion with the coatings* of a jar of suitable size), forming a pure 
spectrum by a prism and lens of quartz, the faces of the prism being equally inclined to 
the axis of the crystal, and the lens being cut perpendicular to the axis, and receiving 
the spectrum on a suitable screen, for which, if a fluorescent liquid be employed, it is to 
be placed in a quartz-faced vessel, in default of which a piece of filtering paper may 
be saturated with the liquid. 

If the visible spectrum and the very beginning of the invisible be excepted, the lines 
thus seen vary from metal to metal, and therefore are to be referred to the metal and 
not to the air. They are further distinguished from ah* lines by being formed only at 
an almost insensible distance from the tips of the electrodes, whereas air lines would 
extend right across. The spectrum is far too extended to allow us to regard the whole 
at once as in the position of minimum deviation ; and if the prism be placed at all near 
the electrodes, without which we should have comparatively little light to work with, ' 
the effect of the different divergency,- converted by the lens into convergency, of the rays 
in the primary and secondary planes is very great. In order to obtain a pure spectrum, 
the screen must be in focus as regards the primary plane ; and if a particular point P 
of the spectrum be at a minimum deviation, the lines immediately about P are reduced 
almost to points, which are the images, for light of that refrangibility, of the tips of the 
electrodes, or, to speak more exactly, of the part of the spark just outside the tips. 
But in the secondary plane the rays on one side of P have not yet reached their focus, 
and on the other side have passed it ; so that the image of a point is a line, the primary 
focal line, of a length increasing on receding from P in either direction, and accordingly 
the spectral image of either tip, assumed to be a mere point, would be a pair of slender 
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triangles vertically opposite, and having their common vertex at P, their lengths lying 
in the plane of refraction. The invisible spectrum is in fact made up of two such pairs 
of triangles corresponding to the two tips respectively, as may be readily seen when the 
electrodes are not too close. At a distance from P at which the length of the primary 
focal line becomes equal to that of the image of the spark, the two lines which are the 
images, for rays of the refrangibility answering to that distance, of the tips of the elec- 
trodes meet in the middle of the spectrum, and beyond that distance they overlap, so that 
a line appears to run across the spectrum, though it relates to rays which emanated only 
from the immediate neighbourhood of the tips of the electrodes, as may be seen by turning 
the prism till that part of the spectrum is at a minimum deviation, and focusing afresh. 

Besides the bright lines, evidently due to metals, which have been mentioned, other 
weaker light is perceptible, too faint for precise observation. A portion of this is pro- 
bably due to the air. 

The chief part of the visible spectrum as seen by projection appears plainly to belong 
to the air ; for the lines stretch across the interval separating the electrodes, while the 
lines belonging to the metals extend but a little way, even in the visible spectrum, and 
the former reappear when the electrodes are changed. With some metals, liow T ever, 
lines belonging to the metal appear in the visible spectrum which are comparable in 
strength with the invisible lines of high refrangibility ; but in general it is rather 
remarkable how poor is the visible spectrum, and even the invisible region for a good 
distance beyond, compared with the part of the spectrum of still higher refrangibility, 
with respect to strong lines characteristic of the metal. 

I have lately adopted a mode of laying down positions in the invisible spectrum which 
is extremely simple and convenient, and yields results agreeing well with one another. 
It might be applied to the formation! of maps of the metallic lines ; but this is unneces- 
sary, as the subject has been worked out by Dr. Miller. It is still useful, however, for 
laying down the positions of bands of absorption, being more convenient and exact than 
estimating their place with reference to the known metallic lines. 

The method is as follows. The quartz prism is placed on a block, raising it to a con- 
venient height above a long drawing-board, to which the block is screwed, and is fixed 
at pleasure by a screw pressing upon it from above. The lens is fixed in a blackened 
board screwed edgeways to the drawing-board near the prism, so as to be ready to receive 
the rays of all refrangibilities after refraction through the prism. The focal length 
of the lens actually used was about 12 inches, and its diameter 1£ inch. A convenient 
distance of the spark from the prism having been selected (I chose 30 inches), the 
drawing-board was turned round till it attained such a position that, on placing the 
prism in the position of minimum deviation for the middle of the long spectrum, the 
rays belonging to that part fell perpendicularly, or nearly so, on the lqns, which had 
previously been placed so that this should be a convenient position relatively to the 
drawing-board. The prism was then fixed by its screw, and to mark the angle of inci- 
dence a pin was placed at the edge of the shadow of one of the blocks. On account of 
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the increasing refraction by the lens of rays of increasing refrangibility, the locus of the 
f<jci of the different rays formed an arc of a curve, or nearly a straight line, lying very 
obliquely to the axes of the pencils coming through the lens. The projection of this 
line on the board having been marked, a line was drawn bisecting this at right angles, 
and at a point in the latter line situated Ilf inches from the former*, the board was 
pierced for the insertion of a pivot, which carried two wooden rulers, which could be 
clamped together at any convenient angle. The shorter of these carried a vertical 
needle, which as the ruler was turned moved in front of the focus of the different rays 
at the distance of about a quarter of an inch. The longer ruler carried a pricker, 
destined to mark on a sheet of paper, temporarily fastened to the drawing-board, the 
position of any object observed. Thus the prism, the lens, the axis of motion of the 
needle and pricker, and the pin for fixing the angle of incidence retained an invariable 
relative position when the drawing-board was moved. In observing, the electrodes were 
placed at the proper distance, and the board turned till the edge of the shadow fell on 
the pin. The rulers were then turned together till any bright line or other object was 
eclipsed by the needle, and its place was then pricked down. To obtain a fixed point 
of reference, I generally pricked down the position of the extreme red visible on a screen, 
such as a piece of paper ; but if great accuracy were required, it might be better to 
employ a well-marked green air line. 

The metals the spectra of which I have observed are Platinum, Palladium, Gold, 
Silver, Mercury, Antimony, Bismuth, Copper, Lead, Tin, Nickel, Cobalt, Iron, Cadmium, 
Zinc, Aluminium, Magnesium. Several of these show invisible lines of extraordinary 
strength, which is especially the case with zinc, cadmium, magnesium, aluminium, and 
lead, which last, in a spectrum not generally remarkable, contains one line surpassing 
perhaps all the other metals. Other metals exhibit lines which in certain parts of the 
spectrum arc both bright and numerous ; so that, in taking a rough view of the whole, 
certain parts of the spectrum are bright and tolerably continuous, while other parts are 
comparatively weak. This grouping of the lines is especially remarkable in copper, 
nickel, cobalt, iron, and tin. Of the metals mentioned, magnesium gives by far the 
shortest spectrum, ending in a very bright line, beyond which, however, excessively 
faint light may be perceived to a distance about as great as the extent of the longer 
spectra. Aluminium, on the other hand, stands at the head of the above metals for 
richness in rays of the very highest refrangibility ; and it is to this part of the spectrum 
that the strong lines above mentioned belong. In calling these lines strong, it must be 
understood that some allowance is made for their very high refrangibility ; for when 
observed as above described they do not appear absolutely quite so strong as the bold 
lines of zinc or cadmium. This is partly due to the defective transparency of quartz, 
which for thi^part of the spectrum shows itself by no means perfect ; and indeed the 
highest aluminium line, which is a double line, can only be seen by rays which pass 
through the prism near its edge. 

* A longer distance would have been better. 
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The following figure exhibits the principal lines of aluminium, with zinc and cadmium 
for comparison. In the first of the aluminium lines represented, I could not make out 
the division into two parts corresponding to the tips of the electrodes. R denotes the 
extreme red visible on a screen ; the lines in the visible spectrum are omitted, as this 

Aluminium 
Zinc 

Cadmium 

Air 

has been made the subject of elaborate researches by others. The horizontal distances 
are proportional to the distances of the several pricks from that belonging to the extreme 
red, and therefore vary as the chords of the arcs described by the pricker. This tends 
to correct to a certain extent the exaggeration of the more refrangible end of the spec- 
trum arising from the mode adopted of laying down the positions of the lines. The 
lowest row of lines in the figure, which is placed here for the sake of comparison, will be 
referred to further on. 

Besides the lens above mentioned, I sometimes employ in a different manner another 
of ^ inch diameter and 2^ inches focal length, and accordingly large for its focal length. 
This is used for forming an image of the spark, which is received on the substance that 
is to be examined, or that is used for examining the spark. The difference of focal 
length for the different rays is so enormous that, while one part of the spectrum is in 
focus, other parts are utterly out of focus, and thus we may judge in a general way of 
the refrangibility of the rays by which any particular effect is produced. In this way 
such concentration of the rays is obtained, that effects may be studied which would not 
bear examination by prismatic analysis. In speaking of this lens I shall call it the 
2 • 5-inch lens, from its focal length. 

Absorption of the invisible rays by Alkaloids , Olucosides , &c. 

Before examining these substances it is requisite to dissolve them, and we must first 
inquire into the transparency of the solvent. Fortunately the most useful of all solvents, 
water, is transparent when pure ; and as to reagents, we may employ sulphuric or hydro- 
chloric acid for an acid, these acids being transparent, and ammonia, suppose, for an 
alkali. In speaking of a substance as transparent, I wish it only to be understood that 
it is of a transparency comparable with quartz. As to ammonia, although it absorbs 
the more refrangible rays when in quantity (unless the observed absorption were due to 
some impurity), it may be deemed transparent in the small quantity which alone it is 


Fig. 1. 
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requisite to employ. Even alcohol, which in the state in which it is to be had is defective 
iQ transparency, is sufficiently transparent to be employed as a solvent for such substances 
as those under consideration, provided it be used in small thickness only. 

The alkaloids and glucosides which I have examined are almost without exception 
intensely opaque for a portion at least of the invisible rays, absorbing them with an 
energy comparable for the most part to that with which colouring matters (such as 
alizarine, &c.) absorb the visible rays. The mode of absorption also is frequently, I 
might almost say generally, highly characteristic ; so that by this single property they 
might be distinguished one from another. It frequently happens too that the mode 
of absorption decidedly changes according as the solution is acid or alkaline, which 
assists still further in the discrimination. 

In the examination I sometimes employ a small cell with parallel faces of quartz, 
sometimes a wedge-shaped vessel, having its inclined faces also of quartz, but more 
commonly the former. The cell being filled with the solvent, a minute quantity of the 
substance is introduced, and the progress of the absorption is watched as the substance 
. gradually dissolves, the fluid meantime being of course stirred up. In this way it is 
easy to seize the most characteristic phase of the absorption, which may be then regis- 
tered by the pricking instrument. When minima of opacity occur, it is best to seize 
that stage of the absorption at which they are well developed. When no minima occur, 
a greater or less part of the more refrangible region is quickly absorbed, after which the 
absorption creeps on towards the less refrangible side. When once it has become tole- 
rably stationary, the limit of the rays transmitted may be marked. It seems desirable 
not to go beyond this point in the absorption, lest some possible impurity in the substance 
examined, which if it had formed the whole of the specimen would have absorbed rays 
of lower refrangibility, should begin to make itself perceived, and its mode of absorption 
should be mistaken for that of the substance professed to be examined. 

All the metallic spectra are discontinuous, which prevents the mode of absorption of 
even a solid or liquid from being observed quite so well as in the solar spectrum, even 
independently of the greater intensity of the latter, and would greatly interfere with the 
observation of narrow bands like those shown by the absorption of certain gases in the 
visible spectrum, and of which chlorous acid gas (Cl 0 4 ) shows a splendid system in the 
invisible part of the solar spectrum. Should a general absorption take place in a part 
of the spectrum where previously a bright group of lines was seen, with weaker light for 
some distance on both sides, it is evident that at a certain stage of the absorption the 
bright group would be left isolated, and the effect might be mistaken for a maximum of 
transparency. In doubtful cases of this kind it is requisite to change the electrodes, so 
as to use the spectrum of some other metal ; but practically the difficulty is not so great 
as might be supposed. 

It is desirable to choose a metal which gives a spectrum that is bright and tolerably 
continuous in the region in which the distinctive features of the absorption are most 
likely to occur. For general use in the examination of substances such as here consi- 
mdccclxii. 4 o 
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tiered, I prefer tin — the electrodes (or one of them at least) being broad, for a reason 
which will be mentioned presently. Tin, indeed, is weak in the most refrangible 
region, though after a long interval of weakness it shows one pretty strong line between 
the 2nd and 3rd of the strong aluminium lines ; but with these substances the distinctive 
features of the absorption hardly ever occur so late. For combined strength and con- 
tinuity, copper answers well for the highly refrangible region in which tin is weak ; 
while mercury, which may be employed in the form of amalgamated zinc, is the richest 
metal for the invisible region just beyond the visible spectrum ; but 1 have employed tin 
almost exclusively. 

The following figure gives the bands of absorption observed in solutions of several 

Fig. 2. 


Principal lines of zinc 

Strychnine, in dilute sulphuric acid 

Brucine, in dilute sulphuric acid 

Morphine, in dilute sulphuric acid 

Codeine, in dilute sulphuric acid 

Narcotine, in dilute sulphuric acid 

Narceine, in dilute sulphuric acid 

Papaverine, in dilute sulphuric arid 

Caffeine, in dilute sulphuric acid 

Corydaline, in dilute sulphuric acid 

Piperinc, in alcohol 

iEaculine, in dilute ammonia 

Phlorizinc, in dilute ammonia 

Pldorizine, in dilute sulphuric acid 

Salicine, in water 

Arbutine, in water 



alkaloids and glucosides. The bold lines of zinc are given as points of reference ; but 
the observations were made with electrodes of tin. The border on the left is the limit 
of the red light visible on a screen. 
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Although the central part of the maxima of transparency in this figdre is generally 
l^ft white to save trouble, the reader must not suppose that that part of the spectrum 
suffers no absorption. On the contrary, it is more or less weakened when the solution 
has the strength to which the figure corresponds, and disappears altogether when the 
quantity of substance in solution is increased, while at the same time the edge of the 
first band of absorption creeps on a little towards the red, the absorption being usually 
pretty definite at this edge. The measurements were taken from the points where the 
light ceased to be sensible, which are represented in the figure by the junction of plain 
black and shaded white. The shading merely represents the general effect, the grada- 
tion of illumination not having been registered. It extends in the figure, as a general 
rule, too fat to the left of the edge of the first black band, and accordingly does not 
represent the absorption at that limit as sufficiently definite. 

A glance at the figure will show how distinctive is the mode of absorption of the rays 
of high refrangibility by these different substances. Indeed this one character would 
serve to distinguish all these substances one from another, unless it be morphine 
from codeine, and caffeine from salicine. The dotted line in the figure for cesculine de- 
notes the commencement of the fluorescence, which is situated near the line G of the 
solar spectrum. A solution of brucine cuts off the invisible end of the solar spectrum 
about midway between the lines S and T, and accordingly not far from the end of the 
region which it requires a quartz prism and lens to see. Accordingly, when these sub- 
stances are examined by solar light their distinctive characters are almost wholly unper- 
ceivcd, the solutions of some appearing quite transparent, and those of others merely 
cutting off the extreme rays to a greater or less distance. With aesculine alone the 
maximum of opacity lies within the solar spectrum ; but even in this case we should have 
little idea of the great increase of transparency about to take place. 

The effect of acids and alkalies on all the glucosides referred to in the figure presents 
one uniform feature. When a previously neutral solution is rendered alkaline, the 
absorption begins somewhat earlier, when rendered acid somewhat later. With salicine 
there is merely an indication of this change, falling within the limits of errors of obser- 
vation ; but in the other cases it is quite perceptible, and with phlorizine the shifting of 
the band of absorption produced by an acid is very large. Fraxine (or paviine) agrees 
remarkably with sesculine in all its optical characters ; the maximum of absorption is 
merely situated a little nearer to the red, and the tint of the fluorescent light corresponds 
to a slightly lower mean refrangibility. 

Quinine presents no decided maximum of transparency. With this and the other 
bases observed, with one exception, the absorption, if changed at all, is changed in an 
opposite manner to the glucosides when the base is set free by ammonia. 

Bands of absorption occur also with neutral substances, for example coumarine and 
paranaphthaline, which last exhibits a system of such bands in the invisible part of the 
solar spectrum. 

Aconitine, atropine, and solanine exhibit no bands of absorption, but merely a general 

4 o 2 
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opacity for the more refrangible rays. The last, indeed, when dissolved in dilute 
sulphuric acid, is, for this class of bodies, remarkably transparent ; while when the base 
is set free the solution, contrary to what takes place with the other bases, becomes much 
more opaque, but the absorption is vague. I am not sure, however, how far thg purity of 
the specimen examined may be trusted, though it was white, and regularly crystallized. 
It would be easy to examine more such substances ; but what precedes is sufficient to 
show the value of the study of the absorption of the rays of high refrangibility, as afford- 
ing distinctive characters of substances little known. 

Minerals. 

I have examined a large number of minerals by the rays from the induction spark, 
both as to their transparency and as to their fluorescence. The transparency of those 
crystals which were of such a form as to permit it, was examined by holding them in 
front of a pure spectrum formed on a fluorescent screen. The fluorescence was sought 
for by forming an image of the spark, for which aluminium electrodes were employed, 
by the 2* 5-inch lens, holding the mineral first at the focus of the visible rays, and then 
moving it up towards the lens, and watching for any image which might be formed by the 
rays of higher refrangibility. Should such be observed, its nature was further demon- 
strated by interposing in the path of the rays a very thin piece of mica. This cut off the 
image by intercepting the invisible rays, with respect to which, except a small portion of 
the lowest refrangibility, mica is intensely opaque. 

Carbonate of lime, the sulphates of lime, baryta, and strontia, and colourless fluor- 
spar, were found transparent (sulphate of strontia less so), at least in the qualified sense 
above mentioned, thus demonstrating the transparency of carbonic, sulphuric, and 
probably hydrofluoric acid, and of the bases, lime, baryta, strontia. But this subject^ 
would be better followed out by salts artificially prepared, and has been investigated by 
Dr. Miller. In two cases results of considerable interest were obtained with reference 
to fluorescence. 

At the time of writing my first paper, on the change of refrangibility of light, I had 
found but one mineral, yellow uranite, to the essential constituents of which the property 
of fluorescence plainly belongs *. In many other cases, both before and since that time, 
I have observed with solar light fluorescence in minerals, but always apparently having 
reference to unknown impurities, and therefore to my mind of much inferior interest. 
By means of the induction spark, employed as above described, I have found one more 
fluorescent mineral f. 

On receiving the image on adularia, and focusing it for the rays of highest refrangi- 

* Philosophical Transactions for 1852, p. 624. 

t The method by which M. Edmond Becquebel has examined the fluorescence of minerala (Annales 
de Chimie, sdr. iii. tom. lvii. p. 43) does not permit of distinct vision of the specimen from the distance of a 
few inches, which seems to me necessary to allow the observer to judge whether the fluorescence which may 
be observed is due to the essential constituents of the crystal or to accidental impurities. 
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bility, a pair of bluish dots were seen, which were the images of the tips of the electrodes 

exhibited by fluorescence. As the appearance was everywhere the same, on natural 

faces and cleavage planes alike, and the same was observed with colourless felspars 

generally from different localities, it is doubtless a property of the silicate of alumina and 

potash constituting the crystal. Some specimens, it is true, did not show the effect so 

strongly as adularia or moonstone ; but this is easily explained by the greater purity of 

• 

the latter varieties. For the fluorescence extended to a very sensible though small depth 
within the crystal, and yet the rays producing it were cut off by a film of mica much 
thinner than paper. The intense opacity of mica is doubtless due to peroxide of iron, 
which nevertheless forms no more than perhaps 5 per cent, of the mineral. Hence a very 
small percentage of peroxide of iron, or any other impurity having a similar absorbing 
action, would suffice greatly to reduce the quantity of fluorescent light emitted. 

In a concentrated solar beam passed through a suitable absorbing medium, adularia 
did not show the least sign of fluorescence, in which respect it notably differs from com- 
mon glass, such as window-glass. 

The other case of interest relates to a particular variety of fluor-spar found at Alston 
Moor in Cumberland. This variety is very pale by transmitted light, being in part of a 
brownish purple colour, shows a strong blue fluorescence, and is eminently phosphorescent 
on exposure to the electric spark. On presenting such a crystal to the spark passing 
between aluminium electrodes, besides the usual blue fluorescence there is seen another 
of a reddish colour, extending not near so far into the crystal. On receiving on the 
crystal the image of the spark, and moving the crystal from the focus of the invisible 
rays towards the lens, it was soon in best focus for the rays producing the blue 
fluorescence. It had to be moved much nearer to the lens before it came into focus for the 
rays producing the reddish fluorescence, and was then at the distance at which a well- 
defined image of the tips of the electrodes is formed on the uranium salt ; which proves 
that the reddish fluorescence was produced by the rays belonging to the bright lines 
(considered as a whole) of aluminium of extreme refrangibility. 

The crystal which showed this effect best was externally colourless for about the 
-^th of an inch, which stratum showed no fluorescence when examined in this 
way. Then came one or two strata, parallel to the faces of the cube, showing the ruddy 
fluorescence, and exhausting apparently the rays capable of producing that effect. The 
blue fluorescence extended much deeper, and presented a stratified appearance, as Sir 
David Brewster long ago observed. 

On admitting a pencil concentrated by a quartz lens parallel to and almost grazing a 
face of the cube, so that the rays traversed the colourless stratum, the reddish fluorescence 
was observed in the stratum which produced it to a long distance from the face by which 
the rays were admitted, which demonstrates the transparency of fluoride of calcium for 
the rays of very high refrangibility. 

The property of exhibiting such a well-marked effect under the exclusive influence of 
rays of extreme refrangibility, renders such a crystal a useful instrument of research. 



612 PROFESSOR STOKES ON THE LONG SPECTRUM OF ELECTRIC LIGHT. 


Several other metals besides aluminium show the reddish fluorescence ; but none of those 
examined showed it so well, partly because it is evidently produced more copiously by 
aluminium electrodes, and partly because it is less masked by the blue fluorescence, 
the spectrum of aluminium being rather wanting in brightness until the region of extreme 
refrangibility is reached. 

Tf the crystal be held near the electrodes, and observed while their distance changes, it 
will be found that on passing from the greatest striking distance the reddish fluorescence 
decidedly improves. On still further diminishing the distance between the electrodes, 
the reddish fluorescence appears still to increase ; though whether this is a real absolute 
increase or only an increasing preponderance over the blue, it is not easy in this way to 
say for certain. Hence the copiousness of rays of high refrangibility increases at first, and 
continues to increase relatively if not absolutely. It is supposed that the jar is suffi- 
ciently large to prevent the discharge from degenerating into what will be presently 
described as the arc discharge. 

If the crystal be held close to the contact-breaker when the secondary terminals are 
separated, and the effect be compared with that of the secondary discharge (a jar being 
in connexion, as has been supposed all along), the electrodes being of platinum for fair- 
ness of comparison, it will be found that the proportion of rays of extremely high 
refrangibility is decidedly greater for the spark at the contact-breaker than for the 
secondary discharge. 

On forming by the 2 5-inch lens an image of the spark from aluminium electrodes, 
and placing a crystal, such as that above mentioned, in the focus of the rays producing 
the reddish fluorescence, it is easy to determine the transparency or opacity of substances 
for those rays, the alteration of the focus by the introduction of a thick plate being of 
course borne in mind, and the crystal moved accordingly. The rays forming the image 
have had to pass only through air, and through a very small thickness of quartz, before 
reaching the crystal. In this way I have found that even quartz itself in very moderate 
thickness is opaque for these rays ; but different specimens, or different parts of the same 
specimen, vary in this respect. I possess a large plate 0 - 42 inch thick, cut perpendi- 
cular to the axis of the crystal, which is generally transparent, but is slightly brownish 
on one side, to the distance of about half an inch from the face of the hexagonal prism. 
The colourless part of this plate, beyond a little distance from the brownish part, is 
opaque for the rays in question *, while the bnnvnish part is nearly transparent. It may 
be inferred that the colourless part contains a minute quantity of some impurity capable 
of absorbing these rays, which does not exist, at least to the same extent, in the brownish 
part, although the latter is not perfectly pure silica, as is shown by its colour. On the 

* It should be mentioned that this part contains those delicate, definitely directed, elongated laming or 
crystals, hardly visible except in a beam of sunlight, which aro called by practical opticians “ blue shoots.” 
An examination of a number of cut pieces of quartz lent me by Mr. JJaukeb confirms mo in the suspicion 
that such crystals are moro defective in transparency than other colourless specimens for the rays of extremo 
refrangibility. — July 1862 . 
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# whole, I am disposed to think that quartz, if it were rigorously pure, would be transpa- 
rent. We sec at any rate how difficult it is to draw certain conclusions respecting the 
transparency or opacity of a substance which, in the state of purity in which it may be 
obtained, shows only a slight defect of transparency. 

I tried reflecting the rays from the spark by a fine Munich grating, but the light was 
far too faint to be of any use. Possibly a large and very closely ruled plane speculum, 
with a concave speculum instgpd of a lens, might give light which it would be possible 
to observe. But at present I have not found any sufficiently marked effects referable to 
rays of still higher rcfrangibility to make it worth trying. 

The same crystal which showed the reddish fluorescence was eminently phosphorescent, 
with a blue colour. The phosphorescence, like the fluorescence, was arranged in strata 
parallel to the faces of the cube, and, like the reddish but unlike the blue fluorescence, 
was not perceptible beyond a moderate distance from the surface at which the exciting 
rays had entered. On forming an image of the discharge by the 2'5-inch lens, focusing 
the crystal for the rays producing the reddish fluorescence, fixing it there, and breaking 
the circuit after the induction coil had worked for a little while, a dart of blue phos- 
phorescent light was seen in the crystal at the focus of the lens. On focusing for the 
rays most efficient in producing the blue fluorescence, the reddish was diffused over a 
broad portion of the strata producing it ; and on repeating the above experiment in this 
position of the crystal, the blue phosphorescence was seen similarly diffused. This 
shows that the rays of extremely high refrangibility are those most efficient in producing 
the blue phosphorescence. 

[We may suppose that the blue fluorescence, the reddish fluorescence, and the blue 
phosphorescence are due to the action of the assemblage of heterogeneous exciting rays 
on the same substance (doubtless some impurity taken up during crystallization), or on 
two or three distinct substances. The blue fluorescence is produced abundantly at a depth 
within the crystal at which the two other effects are invisible ; but this alone is no proof 
of a diversity in the nature of the substance acted on, because the rays producing the two 
latter effects would have been absorbed before arriving at such a depth. Hence it is 
among the early strata, in crossing which rays capable of producing each of the three 
effects are still vigorous, that evidence must be sought, in the coincidence or non-coinci- 
dence of the strata in which the three effects are respectively perceived, of the probable 
identity or certain diversity of nature of the substance acted on. At the time when this 
paper was read I fancied I had observed slight discrepancies as to coincidence in the 
strata. But a renewed examination, in which a larger number of specimens were observed, 
leads me to regard the fancied discrepancies as too doubtful to rely upon and to over- 
power the increasing weight of evidence on the other side. 

The blue fluorescence may be observed in the early strata (which ordinarily, at least 
with electrodes of aluminium and several other metals, show a red) by absorbing the 
more refrangible of the exciting rays by a suitable plate of quartz, or else by substituting 
for aluminium some metal, such as magnesium, which is poor in rays of extreme refran- 
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gibility. On the other hand, the red fluorescence really existing in the early strata^ 
when it is overpowered by the blue, may be seen by viewing the crystal through a solu- 
tion of chromate of potash, which greatly enfeebles the blue fluorescence, while at the 
same time it transmits enough of the spectrum to allow the unabsorbed residue to be at 
once disting uish able by its colour (green) from the red fluorescence. In this way the 
red fluorescence may be readily perceived even with electrodes of magnesium. Again, a 
particular stratum which showed a blue fluorescence \^hen acted on by rays which 
entered hy a face of the cube, and before reaching it had to traverse some other strata 
showing fluorescence, exhibited a red fluorescence when acted on by rays which fell on 
it directly, having been admitted through an octahedral face. 

It is more difficult to decide as to the identity or diversity of the strata showing 
respectively red fluorescence and blue phosphorescence, because the two effects are ob- 
served in a different way ; but as far as I could decide, the strata appeared to correspond. 

On the whole, then, I am disposed to think It probable that it is the same substance 
which, in consequence of the action of rays beginning with a part of the violet and ex- 
tending from thence onwards, exhibits a blue fluorescence, which, in consequence of the 
action of rays of extreme refrangibility, exhibits a red fluorescence, and which, in conse- 
quence of the action of rays of a similar refrangibility, exhibits a powerful blue phospho- 
rescence. At least, if the substances be different they would appear to have coexisted in 
solution, and so to have been taken up together in the crystallization of the mineral. I 
should mention, however, that it is contrary to all my experience that the fluorescence 
of a single substance (i. e. not a mixture) should thus, as it were, take a fresh start with a 
totally different colour on proceeding onwards in the spectrum ; but then my experience 
is derived mainly from the examination of substances in the comparatively short solar 
spectrum. — July 1862.] 

I have said that the phosphorescence was produced in certain strata within the 
crystal. These strata were in some places sharply terminated, so as to be foreshortened 
into well-defined lines. On watching the phosphorescence, there was nothing to be seen 
at all like conduction ; the strata remained sharply defined as long as the light was strong 
enough to enable one to judge. This is at variance with one of the two results which, 
on the authority of others, I formerly mentioned as indicating a distinction between 
phosphorescence and fluorescence*. On trying shortly afterwards along with Mr. 
Faraday, I could not obtain either of these results. One of them, that relating to appa- 
rent conduction, which was obtained by MM. Biot and A. C. Becqukrel, has since been 
explained by M. Edmond Becquerel as an illusion of observation f . The other, that 
relating to the production of phosphorescence in Canton’s phosphorus by rays which 
had traversed a strong solution of bichromate of potash, I am, after a conversation with 
Dr. Draper, still unable to explain. 


* Philosophical Transactions for 1852, p. 547. 


f Annales de Chimie, tom. lv. (1859) p. 112. 



PROFESSOR STOKES ON THE LONG SPECTRUM OF ELECTRIC LIGHT. 616 


Advantage of Broad Electrodes . 

• At first I employed by preference wires or sharp pieces of metal for electrodes, in con- 
sequence of the greater facility with which the discharge passed, and the larger quantity 
of light given out by the spark. Certain considerations, however, led me to try broad 
electrodes ; and I accordingly procured electrodes of the common metals shaped like 
small watch-glasses, about an inch in diameter. These showed in some cases a most 
marked superiority over thin wires, exhibiting the invisible metallic lines in far greater 
strength, while with some metals there was not much difference. With copper, for 
example, the superiority was very great, with iron it was comparatively small. 

Instead of electrodes of this shape, it is sufficient to take two pieces of thick foil, make 
them slightly cylindrical by means of a round ruler, or a pencil, and mount them with 
their convexities opposed and the axes of the cylinders crossed. 

Besides copper, silver, tin, and aluminium show a great advantage of flat electrodes, 
and lead a moderate advantage, while with zinc, as with iron, sharp electrodes are nearly 
as good. Brass agrees in this respect with zinc, and not with copper, though it shows 
the copper lines very strongly. 

With such electrodes, however, the spark dances about ; and its unsteadiness is 
objectionable in some experiments. A good part of the advantage of flat electrodes is 
however retained if one only be flat, especially if this be negative, and the spark is now 
steadier. Instead of using the end of a wire to combine with a flat electrode, it seems 
rather better, according to a plan suggested to me by Dr. Miller, to bend a wire to a 
gentle curve lying in a vertical plane passing through the prism ; or the edge of a flat 
piece of metal may be similarly employed. 

On forming an image of the spark between a sharp and a flat electrode of copper, and 
receiving it on a fluorescent screen, the flat electrode gave the brighter of the two images 
already mentioned, and that, whether the electrode were positive or negative. 

On similarly forming an image of the spark between two very broad eloctrodes, and 
focusing for the rays of highest refrangibility, the image did not, as usual, consist of two 
separate dots ; but whether it was, that, from the shortness of the spark, the two ran into 
one, or that the rays belonging to the metallic lines of high refrangibility were emitted 
throughout the whole length of the spark, I am not quite certain ; but I incline to the 
latter opinion, as a separation of the discharge into two portions, corresponding to the 
immediate neighbourhood of the two electrodes respectively, could hardly have escaped 
detectioh had it existed. 

Arc Discharge , and Lines of Blue Negative Light . 

On diminishing the distance between the electrodes, formed suppose of copper wires, 
the brightness of the metallic lines at first improves, and afterwards changes but little, 
or, if anything, rather falls off. On still further diminishing the distance, so that the 
electrodes almost touch, and the discharge passes with little noise, a new set of strong 
lines make their appearance in the invisible region of moderate refrangibility. In this 

IfDCCCLXII. 4 p 
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mode of discharge, in which the negative electrode, if at all thin, quickly becomes red-hot 
and fuses, the jar has not much influence, and the lines in question are still better seep 
when it is suppressed altogether. To show them to perfection, it is best to take a flat 
negative electrode, so as to carry off the heat, and not to hide from the prism any part 
of the blue negative light, and a sharp positive electrode almost touching the former. 
In this way the visible discharge is reduced almost wholly to an insignificant-looking 
star of blue light ; but it is wonderful how strong an effect it is capable of producing in 
the invisible region. The most striking part of the invisible spectrum consists of four 
bright lines, numbered 1, 2, 3, 4 in fig. 1, situated not far from the visible spectrum. 
These arc followed, after a nearly dark interval, by light arranged in masses resembling 
in its general aspect the groups of copper lines (from which, however, it differs), but not 
strong enough to be resolved or accurately measured. The figure represents also a 
couple of blue bands (ft, V) seen by projection. These are not seen on looking at the 
blue light directly with a flint-glass prism of 60°, because everything is seen in too great 
detail. Most of the air-lines in the invisible spectrum, especially the bands beyond 
line 4, have an ill-defined look, and would probably be resolved did the intensity of the 
light permit. 

The appearance just described is independent of the nature of the electrodes, and 
therefore is to be referred to the air, and not to the metal. On viewing in a moving 
mirror the star of light producing this effect, it is found to have a considerable duration. 

On slightly separating the electrodes, forming an image of the discharge with the 
2*5-inch lens, and receiving it on a cake of the uranium salt, a very strong fluorescence 
was seen over the image of the blue disk when the lens was focused for a point a little 
beyond the visible spectrum. On moving the lens onwards, the fluorescence produced 
by the rays belonging to this image spread out into a ring ; and on moving still further, 
a tolerably well-defined image of the whole discharge was perceived. Of this the part 
belonging to the blue disk was the brightest, and was surrounded concentrically by the 
ring before mentioned, now still further widened. The image of the remainder of the 
discharge was brightest where it was most contracted at the positive electrode. The 
discharge generally was perhaps of slightly higher refrangibility than the blue disk, even 
excluding from the latter the rays belonging to the ring. It thus appears that the four 
bright lines figured were produced mainly by the blue negative light. 

The mode of transition of the discharge may be studied by placing the electrodes at 
the greatest striking-distance and making them gradually approach. At first there 
passes a clean bright spark making a sharp report, and not resolved by a revolving 
mirror. The invisible spectrum which this shows is too faint for precise observation ; 
the visible spectrum shows chiefly air-lines. As the electrodes approach, the spark 
becomes clothed by the well-known yellowish envelope capable of being blown aside, 
and the blue negative light begins to appear. A moving mirror, as M. Lissajous has 
already observed*, shows an instantaneous spark at the commencement, in point of time, 
• S$e Dv Moncel, * Recherchee sur la non-homog6o6it6 de r&anoelle d’induetion,' p. 107. 
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of the envelope and blue negative light, both which are drawn out, indicating a very 
appreciable duration. On making the electrodes approach somewhat nearer, the spark 
diminishes, and the envelope is formed in perfection, especially with broad electrodes. 
Hie air-lines now begin to show themselves well, but are brightest on the side of the 
spectrum answering to the blue negative light. 

It might be supposed at first sight that the permanence of the yellowish and of the 
blue light only indicated a glow of appreciable duration left by a sensibly instantaneous 
discharge ; but several circumstances indicate that the discharge itself lasts, and that it 
is under its action that the glow takes place*. The action, I am persuaded, is this: a 
spark first passes ; and this enables a continuous discharge to pass, which is due, in part 
at least, to the inductive action of the still falling magnetism, just as a voltaic arc may 
be started in a powerful battery by passing an electric spark between the slightly sepa- 
rated electrodes ; and the glowing of the air under the action of this discharge produces 
the yellowish envelope and blue negative light. Thus, when the electrodes are nearly 
at the greatest distance at which this sort of discharge takes place, the blue negative 
light is seen pretty sharply terminated in a moving mirror. Were it a dying glow, it 
ought to fade away ; but if produced under a discharge, it ought to cease almost abruptly, 
inasmuch as at this distance of the electrodes a continuous discharge is unable to pass 
when the tension has sunk much below that under which it was first produced. 

The same conclusion may be dfawn from an effect which I once obtained, the exact 
conditions for the production of which it is not easy to hit off. With a jar in connexion, 
each discharge due to a single breach of contact appeared in a moving mirror as a bright 
spark joined to a spark less bright by the blue negative light, and also by the yellowish 
or reddish light, brightest close to the positive electrode. Were the blue light due to a 
glow, it ought to be reinforced instead of being put out by the second spark, whereas 
the explanation of the result is easy on the supposition of a continuous discharge. The 
first spark started a continuous discharge, which emptied the jar less fast than it was 
filled by the secondary coil ; so that presently another discharge took place, which 
emptied the jar so that a continuous discharge could no longer pass. 

On viewing the broad discharge formed without a jar when the electrodes are at a 
moderate distance, through a revolving disk of black paper with a single hole near the 
circumference, while the envelope was being blown aside, so as to get a succession of 
momentary views of the discharge, the envelope was seen extravagantly bent, as a flexible 
conductor might have been — not tom across , as a column might have been which was 
heated by a previous spark. The central spark, of course, was usually missing, as it is 
sensibly instantaneous. 

I have spoken of the arc, and especially the blue negative light, as exhibiting air-lines. 
The arc, however, is liable to be coloured not only by casual dust (as when it passes 
partly through the flame of a spirit-lamp with a salted wick, when it is coloured yellow 

■ 9 Although this view may be considered already established (see the work by the Vicomle Du Mokcbl 
just quoted), the obserratioins here mentioned will not, I hope, be altogether useless. 

4 P 2 
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by sodium), but also by matter tom from the positive electrode. This is well seen with 
electrodes of aluminium, when the arc or a portion of it is frequently coloured greep. 
This green light has a very sensible duration, and a distinctive prismatic composition, 
and is brighter towards the positive than towards the negative electrode, but is not con- 
fined to the immediate neighbourhood of that electrode (extending indeed sometimes 
over almost the whole length of the arc), in which respect, and in its duration, it differs 
from the light of the spark proper*. With aluminium opposed to another metal, as 
copper or iron, the green light is seen only when the aluminium is positive. Even with 
aluminium this light may generally be got rid of by making the electrodes approach ; 
and it is the arc in what may thus be deemed its normal state that was observed for the 
construction of the last line of fig. 1, though I have not at present noticed variations in 
the invisible corresponding with those in the visible spectrum of the arc discharge. 

On the Cause of the Advantage of Broad Electrodes ; and on the Heating of the 

Negative Electrode. 

Although the spark appears instantaneous when viewed in a moving mirror, it must 
yet occupy a certain time ; so that we have in fact a brief electric current, to which we 
may apply Ohm’s laws. The -electromotive force is here the difference of tensions of 
the coatings of the jar. As to the resistance, the short metallic part of the circuit may 
be neglected, and we need only attend to the place of the discharge. The resistance 
here may be divided into that due to the air and that due to the parts of the electrodes 
close to the points of discharge. That the latter is by no means insignificant, may be 
inferred from the enormous temperature to which minute portions of the electrodes are 
raised, as indicated by the excessively high refrangibility of the rays emitted by the 
metals, in the state doubtless of vapour. By the use of flat electrodes the striking- 
distance is materially diminished, without any change in the difference of tension of the 
coatings of the jar. Hence the electricity which it contains passes at a higher velocity, 
and therefore produces a more powerful effect on the metals. 

The injurious effect of the introduction of a small resistance was very strikingly 
shown with broad, slightly curved copper electrodes, three inches in diameter, by leading 
wires from a coating of the jar into a tumbler of water, and from thence to the corre- 
sponding electrode, when the spark became quite insignificant in comparison to what it 
had been. 

With one sharp and one flat electrode placed near together, bright sparks passed 
when the connexion was metallic, and the invisible spectrum then showed the copper 
lines, with one or two air-lines not conspicuous ; but when water was interposed the 
spark was greatly reduced, and the invisible spectrum showed the air-lines. In both 
cases the spark was followed by an arc discharge, as might be seen in a moving mirror ; 
and in the latter case the arc discharge was increased in consequence of the diminution 

* The outer part of the jar-spark between al umini um electrodes has the same green colour and prumatio 
composition, though in this case the green light is sensibly instan taneous.— July 1802 . 
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of the spark, which, though necessary to start it, was formed at its expense ; and as in 
the arc discharge the jar was idle, the increase of resistance in a circuit already com- 
prising the secondary coil was unimportant. 

The fact that the blue negative light which appears when the arc discharge is formed 
shows air-lines, points to the air as the seat of the intense action which there takes 
place ; and the very high refrangibility of some of the rays emitted, and the copiousness 
of those rays, indicate how intense that action is. The heating of the negative electrode 
seems to be a secondary effect, not due to the direct passage of the electricity through 
the metal (for the section through which it passes is not by any means small), but to 
the heat communicated from the film of air investing it. Small as is the mass of the 
film compared with that of the portion of the electrode adjacent to it, the rate at which 
heat is communicated is enormous. Thus with a positive point nearly touching under- 
neath a negative electrode of platinum foil containing water, the foil is kept red-hot 
under the water, though the mere passage of electricity through the metal would be quite 
inadequate to produce that effect. Corresponding to the heating of the electrode by the 
air is the cooling of the air by the electrode ; and such a powerful abstraction of heat 
can hardly take place without altering the state of the film of air in relation to its power 
of conducting electricity. This would seem to be the reason why the film of air in 
contact with the negative electrode behaves so differently from any arbitrary section of 
the column along which the discharge takes place, and from offering greater resistance 
becomes the seat of a more intense emission of highly refrangible rays. At the positive 
electrode, at which, for whatever reason, the issue of electricity is confined almost to a 
point, nothing of this kind takes place ; but, from the contraction of the section through 
which the electricity has to pass in the electrode, a minute portion of the metal of which 
it is composed is so highly acted on that matter belonging to the electrode is liable to 
appear in the arc. 

These views lead to curious speculations respecting the negative light in highly 
exhausted tubes, and respecting the remarkable reversion of heating-effect which Mr. 
Gassiot has obtained according as the discharge is intermittent or continuous*, but I 
forbear to speculate further. 

* Proceedings of the Boyal Society, vol. xi. p. 329. 
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XXVIII. On the Nature of the Forces concerned in producing the greater Magnetic 
Disturbances . By Balfour Stewart, Jf.A., F.B.S. 

Received June 14, — Read June 19, 1862. 

1. In a previous communication submitted to the Royal Society on June 28th, 1861, 
and since published in their Transactions, I ventured to make a suggestion regarding 
the nature of that connexion which subsists between magnetic disturbances, earth- 
currents, and auroras. 

In this hypothesis the earth was viewed as similar to the soft iron core of a Ruhm- 
korff’s machine, in which a primary disturbing current was supposed to induce mag- 
netism. Earth-currents and auroras, on the other hand, were viewed as induced or 
secondary currents, caused by the small but abrupt changes which are constantly taking 
place in the strength of the primary disturbing current, these changes being very much 
heightened in effect by the action of the iron core, that is to say, of the earth. 

2. These small and rapid changes are very observable in the photographic traces given 
by the Kew magnetographs during a time of disturbance. At such a time the curves 
for all the three elements invariably present a serrated appearance, which, when the 
disturbing cause is very powerful, is magnified into a succession of sharp peaks and 
hollows, and these exhibit a frequency of change which makes them comparable in this 
respect with eartk-currents and auroras. 

These peaks and hollows are therefore regarded by this hypothesis as denoting the 
changes which take place in the action of the primary disturbing current upon the needle 
through the intervention of the earth’s magnetism, or, since the existence of a primary 
current is really unnecessary as an explanation, we may dispense with it altogether *, and 
regard these photographic peaks and hollows as simply representing the changes which 
take place in the magnetism of the earth, without speculating upon the cause of such 
changes. 

3. In the paper already alluded to, in discussing the great magnetic storm extending 
from August 28 to September 7, 1859, 1 endeavoured to show that the first effect of the 
superimposed disturbing force was to diminish both elements of the earth’s magnetism 
during a period of about six hours. This grand wave, constituting the great body of 
force, could not, I remarked, be supposed to be due to any combination of earth-currents 
of which the period is only a few minutes. Under these circumstances it would seem to 
be the most natural supposition to regard the peaks and hollows, which occur as it were 
on the surface of the great disturbance wave, as representing rapid changes in the in- 

• This was suggested to me by Professor Tyndjlll. 
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tensity of the disturbing force, and therefore not as phenomena caused by earth-currents, 
since the great body of the disturbance of which they represent the changes cannot be 
due to any such cause. Auroras and earth-currents being thus removed out of the list of 
causes, might then be supposed to follow rather as effects of these magnetic changes, on 
the principle of voltaic induction already mentioned. As, however, there seems to be 
a tendency to regard the motions of the magnetic needle as due to the direct action of 
earth-currents, it may be desirable here to inquire whether this view of the origin of 
these small and rapid disturbances is capable of being accepted as a tenable hypothesis. 

4. It is almost unnecessary to remark that the hypothesis which asserts that earth- 
currents are not the cause of the small and rapid magnetic disturbances, does not assert 
that such currents have absolutely no influence upon the needle, since we know that a 
current must always act upon a needle ; but it maintains that these currents are induced 
and secondary phenomena, and therefore represent only a small fraction of the whole 
force in operation, and react on the magnet on'v to a very limited extent. 

5. The interesting observations on earth-currents made under the direction of Mr. C. 
V. Walker, and recorded by him in a paper recently published in the Transactions of the 
Royal Society, appear to furnish grounds for an hypothesis regarding these phenomena. 

By reference to a map appended to his paper, it appears that a line drawn from the 
Ramsgate to the Margate telegraph station proceeds in a direction 12° 50' W. of true 
north; or, assuming 21° 30' W. as the approximate magnetic declination, this line proceeds 
in a direction 8° 40' E. of magnetic north. In like manner, a line drawn from the 
Ashford to the Ramsgate telegraph station proceeds in a direction 83° 50' E. of magnetic 
north ; also a line drawn from the Ashford to the Margate station in a direction 77° 42' E. 
of magnetic north. 

By Mr. Walker’s observations from August 29 to September 2, 1859, and also from 
August 8 to August 10, 1860, it would appear that a current proceeding from Margate 
to Ramsgate was always simultaneous with one proceeding from Ramsgate to Ashford, 
and with one proceeding from Margate to Ashford ; that is to say, simultaneous currents 
proceeding along these lines were either all north or all south currents. 

Let us endeavour to ascertain how far this agrees with the behaviour of the magneto- 
graphs at Kew during these two disturbances on the hypothesis of direct action, assuming 
also with Mr. Walker that earth-currents are derived from a stream of electricity which 
is drifting across the country. 

Conceive now a current resolved into two components, the one proceeding in the mag- 
netic meridian, and the other in a direction perpendicular to it ; and let us agree to con- 
sider as positive those currents flowing from magnetic north to south, and from magnetic 
east to west. Of these two components, the first only will affect the freely suspended 
declination magnet, a positive current tending to increase the westerly declination; 
while the latter only will affect the horizontal-force magnet which has been twisted 
into a position at right angles to the magnetic meridian, a positive current increasing 
the horizontal force. 
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Let x be the.value of the north and south, and y that of the east and west component 
of a current as deduced from its effects upon the magnetographs. 

This will give on the Margate and Ramsgate line a current represented by 

X{x cos 8° 40 '-\-y sin 8° 40'}, (1.) 

while for the Ramsgate and Ashford line we shall have 

B {x cos 83° 50'4-y sin 83° 50'} (2.) 

and for the Margate and Ashford line 

cos 77° 42'+y sin 77° 42'}, (3.) 

where A, B, C arc positive constants depending upon the nature of the soil and strata 
along the various lines. 

Now in the disturbance of 8th to 10th August 1860, the declination and horizontal 
force were increased simultaneously, or they were diminished simultaneously ; hence 
x and y have the same sign, and the expressions within brackets are either all positive 
or all negative, that is to say, the currents between these lines should have been either 
all north or all south simultaneously. This was observed to be the case. In this instance, 
therefore, there is nothing to contradict the hypothesis which makes earth-currents the 
cause of magnetic disturbances. 

Let us now examine the disturbance of August 29 to September 2, 1859. Here the 
horizontal force was increased when the declination was diminished, and vice versd ; and 
if we represent by unity the current influential in disturbing the former element, that 
disturbing the latter is most probably represented by — *46 (see Table V.). 

Hence (1.), (2.), (3.) become 

(1) =A^ — 46 cos 8° 40' + sin 8° 40'} = — -304 A, 

(2) =B{ — -46 cos 83° 50'+sin 83° 50'} = + -945 B, 

(3) =C]--46 cos 77° 42'4-sin 77° 4.2'} = 4- -879 C. 

We thus see that in this disturbance, for the theory to hold good, currents of one 
name should have traversed the line between Margate and Ramsgate, while currents of 
the opposite name traversed the other two lines ; but this is not in accordance with the 
observations made, which showed that currents of the same name traversed the three 
lines simultaneously. In one word, the proof against the theory of the direct action of 
earth-currents in causing disturbances may be summed up by saying that, while the 
magnetic disturbances of September 1859 and August 1860 were of opposite character, 
the corresponding earth-currents, as determined by these three telegraphic lines, were of 
the same character. 

6. At first view it would almost appear as if this fact, which seems conclusive against 
earth-currents (at least those earth-currents observed in this country) being the direct 
and main cause of disturbances, were equally conclusive against their being induced 
currents, since the effect of such upon the telegraph needle might be supposed opposite 
in character to that which would be produced by such currents as would directly cause 
magnetic disturbances, the two effects being antithetically and therefore definitely related 
to each other. 

4 Q 
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But this difficulty will disappear when we reflect that earth-currents may be twisted 
in passing over the surface of our globe. Although, therefore, we may not find that 
oppositeness of character which we naturally associate with induced currents, yet the 
study of particular earth-currents in connexion with simultaneous magnetic disturbances 
may perhaps serve to throw some light upon the nature of the former. 

7. The following is brought forward as an instance of this. On September 1st, 
11.20 a.m. G. M. T., a strong southerly current was noticed on the Ashford and Margate 
line which lasted till 11.26 a.m., while from 11.28 a.m. to 11.36 a.m. a slight northerly 
current was observed on the same line. 

If we take into account a slight delay in the starting of the Kew curves (equal to 
about 2 minutes) due to the slackness of the toothed wheels which drive the cylinders, 
we find the first recorded appearance of the south current to be, in point of time, 
1£ minute behind that of a very abrupt disturbance which affected all the magnetic 
elements at Kew, and which occurred simultaneously with the outbreak of a curious 
phenomenon on the sun’s disk. Whatever be the cause of this apparent difference in 
time, I do not think that it argues any want of simultaneity between the magnetic dis- 
turbance and the earth-current, and we may safely suppose that the first outbreak of 
the south current was really simultaneous with the commencement of the disturbance 
at Kew. 

The magnets at Kew were affected in the following manner. The westerly declination 
was at first rapidly increased ; but soon the disturbing force attained its maximum, $nd 
then gradually diminished, until ultimately the needle attained nearly the same position 
which it had before the disturbance. The horizontal force was at first rapidly 
diminished, then as the disturbing force died away it also gradually came back to its 
previous value. A direct current which would cause a disturbance of this nature would 
be one at first rapidly increasing, then gradually diminishing, but always preserving the 
same name, whereas the induced effect of such a disturbance would be at first a strong 
current in one direction, and afterwards a weak current in the opposite direction. The 
latter character agrees very well with that of the currents between Ashford and Margate, 
the former character not in the least. Judging therefore from this disturbance, and, 
though only a single example, it appears to be an unexceptionable one, it would seem 
that earth-currents do not cause magnetic disturbances, but are rather the induced 
currents which the latter give rise to. 

8. I shall now endeavour to show that we have grounds for supposing the magneto- 
graph peaks and hollows to be due to changes in the value of the disturbing force. 

The action of any such disturbing force is of a twofold nature. 

1°. It raises a curve above its normal position, or depresses it below the same, visibly 
and for a somewhat lengthened period of time. 

2°. The curve which represents this definite action of the force is at the same time 
studded with sharp peaks and hollows. 

Now if the second of these two effects denotes the changes which occur in the force 
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producing the first, the peaks and hollows should be similar in character to the general 
effects of the force. The following example will explain what is meant. 

If we have a force which simultaneously and for a lengthened period of time raises 
up the curves of all the three elements nearer to the top of the paper, and if the peaks 
and hollows denote changes taking place in the intensity of this force, then all the three 
elements should exhibit peaks at once, or hollows at once. But if, on the other hand, 
the general appearance of the curves represents the declination as raised up while both 
the other elements are depressed, then a peak in the former should correspond to a 
hollow in the latter two. 

9. I requested Mr. Chambers, Magnetical Assistant at Kew, to note his impression of the 
general appearance of the disturbance curves of most importance for the years 1858, 1859, 
and 1860 ; and the following Table is the result. The sign + means that the curve is raised 
towards the top of the paper, the sign — means that it is lowered towards the bottom. 


Table I. — General appearance of Disturbance Curves. 


Date. 

Character of disturbance. 

Declination. 

Horizon tal force. 

Vertical force. 

1858. March 28—29 

— 

+ 

+ j 

April 9—10 

— 

— 

1 

1 

June 23 — 24 

+ 

— 

I 

— t 

July 5 —6 .. ... 

0 

— 

— 1 

October 27—28 

indefinite. 

indefinite. 

+ ! 

December 4 — 5 

+ 

+ 

i 

1859. February 9 — 10 

+ 

0 

— 

February 9—10 

+ 

0 

+ 

February 26 — 27 

— 

indefinite. 

_ j 

April 21 — 22 

— 

— 


April 21 — 22 

+ 

+ 

-h 

April 29—30 

— 

— 

— 

May 19 — 20 

— 

— 

— 

June 8 — 9 

— 

— 

— 

June 8 — 9 

indefinite. 

+ 

+ 

July 11—12 

0 

— 

— 

July 18—19 

— 

0 

— 

August 28 — 29 

— 

+ 

+ 

September 1 — 2 

— 

+ 

+ 

September 2 — 3 

— 

— 

— 

•. September 3 — 4 

— 

— 

— 

October 12 — 13 

— 

— 

indefinite. 

October 17—18 ... 

+ 

+ 


October 17 — 18 

— 

+ 

+ ) 

October 18 — 19 

— 

— 

I 

October 18—19 

— 

! + 

+ 

December 13 — 14 

— 

— 

— 

December 13 — 14 

indefinite. 

0 

— 

December 14 — 15 

— 

0 

+ 

I860. March 28—29 

— 

— 

+ 

March 29—30 

— 

— 

— ! 

April 9—10 

— 

i 

! 

April 9 — 10 

+ 

+ 

+ 

July 4 — 5 

+ 

+ 

+ 

July 5 — 6 

— 

— 

— 

August 6 — 7 

indefinite. 

— ' 

0 

August 7 — 8 

0 

— 

— 

August 8 — 9 

— 

— 

— 

August 9 — 10 

0 

— 

— 

August 12 — 13 

— 

— 

— 

August 12 — 13 

— 

+ 

+ 

September 7 — 8 

— - 

— 
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It thus appears that there are twenty-two cases in which the declination is raised or 
lowered along with the horizontal force, and only seven cases of an opposite description. 
Also there are twenty-two cases in which the declination is raised or lowered along with 
the vertical force, and only eleven cases of an opposite description. Finally, there are 
thirty-one cases in which both forces are raised or lowered together, and only two cases 
of an opposite description. 

There is therefore a decided tendency ih the curves of all the elements to be raised or 
lowered simultaneously ; but this tendency is stronger between the horizontal and vertical- 
force curves than between cither of these and the declination. It may at the same time 
be affirmed that, with the exception of the disturbance of August — September 1859, 
there is no very prominent case in which the three elements do not rise or fall together. 

10. Having thus recorded the general appearance of the curves, I shall now give the 
result of the examination of the simultaneous peaks and hollows ; but it will first be 
necessary to state the method in which this has been conducted. 

Each curve has a zero-line, or line of abscissa;, along which the times are reckoned ; so 
that if we wish to find the time corresponding to any point in the curve, we have merely 
to measure its abscissa, the commencement of the zero-line (denoting the moment at 
which the instrument was started) being the origin. 

In like manner, it is equally easy to find the point of the curve corresponding to any 
given time. 

The accuracy of this process depends, however, it will be seen, on the assumption that 
the time-scale is constant for the different portions of a curve ; and the following is a 
proof that this is strictly true. 

It will be noticed shortly that this system of measurement has brought out a remark- 
able correspondence between the peaks and hollows of the horizontal force and those 
of the vertical force, which may be said to have failed in no one instance. This may be 
received as sufficient evidence, not only of the physical fact brought to light, but also of 
the constancy of the time-scale, in absence of which no such phenomenon could have 
been observed. 

11. The following Table exhibits the results derived from comparing together the 
peaks and hollows of the declination, with those occurring at the same instant of time 
in the horizontal force. 

When peak and peak occur together, or hollow and hollow, this is termed a corre- 
spondence, the reverse a non-correspondence. 
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Table II. — Exhibiting the connexion* between the small movements of the declination 
and those of the horizontal force in the various disturbances. 


Date of disturbance. 

Number of 
corre- 
spondences. 

Number of 
non -corre- 
spondences. 

Doubtful. 

1858. March 12—16 

18 

i 

5 

April 9 — 12 

24 

0 

5 

June 22 — 24 

13 

0 

1 

October 27—29 

15 

0 

0 

December 4 — 6 

12 

1 

1 

1859. February 8 — 10 

13 

2 

1 

February 26 — 28 

19 

0 

2 

April 21 — 23 

14 

0 

1 

April 29 — May 1 

15 

0 

1 

May 19—21 

14 

0 

0 

June 8 — 10 

13 

0 

1 

July 11 — 13 

10 

0 

5 

October 12 — 14 

8 

! i 

2 

October 17 — 19 

19 

0 

2 

December 1 3—1 5 

9 

0 

1 

I860. March 26 — 30 

29 

0 

a 

A* 

April 9 — 11 

22 

0 

5 

April 13—15 

15 

1 

1 

June 29 — July 6 

28 

0 

3 

August 6 — 13 

65 

12 

46 

September 7 — 8 

7 

0 

0 

Sums... 

382 

18 

85 


It will be seen from this Table that, in the great majority of cases, a peak in the decli- 
nation corresponds to a peak in the horizontal force, and a hollow in the one to a hollow 
in the other. It is proper to mention that the peaks and hollows here observed arc those 
which represent sudden changes of short duration ; for if we take for comparison some 
prominent peak or hollow in the one curve having a long period, we shall be much less 
certain of finding a corresponding phenomenon in the other. 

1 2. When the peaks and hollows of the horizontal force and those of the vertical force 
are compared together, the result is that a peak invariably corresponds to a peak, and a 
hollow to a hollow ; and even when large prominences of long duration arc taken, the 
correspondence between the two curves is very remarkable. 

The same connexion, therefore, which subsists between the sudden movements of the 
declination and those of the horizontal force, holds still more strikingly between those of 
the two forces. 

13. The disturbance of August — September 1859 has been purposely left out of 
Table II. ; in the following Table this great disturbance lias been broken up into parts, 
for each of which the behaviour of the peaks and hollows is compared with the general 
appearance of the curve. 
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Table III. — Great disturbance extending from August 28 to September 7, 1859. The 
behaviour of peaks and hollows compared with the general appearance of the curves. 


Time. 

Declination movements compared 
with those of the horizontal Force. 

General character of the disturbance. 

Corre- 

spondence. 

Non-corre- 

spondence. 

Doubtful. 

1859* August 28, 10 a.m. to 9 p.m. 

10 

0 

i 

The great disturbance had not yet com- 
menced. 

August 28, 10.30 p.m. to 
August 29, 9-32 a.m. 

0 

6 

0 

The great disturbance had now com- 
menced depressing the declination and 
raising both elements of the force. 

September 2, 4.30 a.m. to 
September 3, 11.50 a.m. 

0 

20 

2 

A second great disturbance commenced 
about September 2, 4.50 a.m., de- 

September 3, 1.40 i*.m. to 
September 4, 10.30 a.m. 

9 

13 

3 

pressing the declination and raising 
both elements of the force, which 
changed into or was succeeded by one 
which seemed to impress all the ele- 
ments in the same manner. 

September 4, 12.30 p.m. to 
September 6, 9-30 a.m. 

16 

3 

1 

: 1 

7 


14. Before discussing the results in this Table, I ought to mention that in this great 
disturbance the rapid nature of the motion makes the comparison of simultaneous peaks 
and hollows a matter of some little uncertainty. On the other hand, these comparisons 
have been much facilitated by the exceedingly good definition which the labours of the 
late Mr. Welsh secured for the Kew curves, without which, indeed, an investigation of 
this nature would have been impossible. On the whole, I am well persuaded that the 
results in Table III. represent the truth. 

15. To recapitulate. It appears from Table I. that, studying merely the general result 
of a disturbance, there is a decided tendency to raise or lower the curves of all the elements 
simultaneously, this being stronger between the horizontal and the vertical-force curves 
than between either of these and the declination. 

From Table II. it appears that, if we leave out of account the great disturbance of 
August — September 1859, a peak of declination corresponds to a peak of horizontal 
force, and a hollow of the one to a hollow of the other, while the same correspondence 
holds still more strongly between the horizontal and vertical forces. 

Again, from Table III. it appears that the great disturbance of August — September 
1859 may be broken up into two. In one of these the general result was to lower the 
declination and raise both elements of the force, while in the second the result was to 
raise or lower all the three curves simultaneously. It also appears that, while the first 
of these disturbances prevailed, a declination hollow corresponded to a peak of either 
force, and that, on the other hand, while the second prevailed, a declination hollow corre- 
sponded to a hollow of either force. 

This very marked correspondence between the behaviour of the peaks and hollows 
and that of the general disturbing force in all cases, leaves, I think, little doubt that the 
former represent sharp and sudden changes in the intensity of the latter. 
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16. Let us now endeavour to ascertain if any use may be made of this fact to throw 
light on the nature of the forces concerned in producing disturbances. 

17. Two distinct suppositions may be made regarding the nature and mode of action 
of disturbing forces. 

1°. We may suppose that forces of every imaginable variety of character are con- 
cerned together in producing disturbances. 

2°. We may suppose a disturbance occasioned by one or more groups of forces the 
elements of which are bound together by a certain law. 

With respect to the first of these hypotheses, it is refuted by the discussion of disturbing 
forces given by General Sabine for the different Colonial Observatories and for Kew, as 
well as by the results in Tables I., II., and III. The second hypothesis must, therefore, 
represent the mode of action of the forces concerned. 

18. And, first of all, it may safely be affirmed that no disturbance of any magnitude is 
due to the action of a single force, merely varying in amount ; for if this were the case, 
the distance at any moment of a point in the curve of one of the elements from its 
normal position should bear throughout a disturbance an invariable proportion to the 
distance of a corresponding point in the curve of another of the elements from its normal ; 
but this is by no means true. 

Since, therefore, a disturbance is not a phenomenon due to the action of a single force, 
and since at the same time it does not represent the action of a number of different forces 
promiscuously huddled together, it becomes a question of interest to ask ourselves how 
we may find the elementary forces concerned. 

19. A little consideration will show that this is likely to be obtained by the study of 
small and rapid changes of force. For if several forces are at work, it is unlikely that at 
the same moment a sudden change should take place in all ; there is thus a high proba- 
bility that a sudden and rapid change is a change in one of the elementary forces con- 
cerned, and which will therefore enable us to determine the nature of that force. Even 
if the change is not a very abrupt one, provided that we confine ourselves to such peaks 
and hollows as present a similar appearance for all the curves, we may be satisfied that 
we are observing changes taking place in one only of the elementary disturbing forces ; 
for it is inconceivable that two or more independent forces changing independently 
should produce similar appearances in all the three curves. This may be illustrated by 
an example. Suppose, for instance, a disturbance takes place in declination which at the 
end of one minute has raised the curve one-tenth of an inch, while at the end of the 
second minute it has fallen again to its original level. Suppose also that a change, 
precisely the same in nature and amount, takes place in the horizontal force, while in 
the vertical force the change is only one-twentieth of an inch. Here then we have in our 
curves three isosceles triangles which, although the last is not, strictly speaking, similar 
to the other two, yet all three convey the idea of only one force acting. Suppose now 
another force to have been superimposed which affected the declination very much more 
than either of the force-components, but which did not begin to work until the end of 
the first minute. The result would be that the declination peak would be much further 



630 


MR. B. STEWART ON THE NATURE OF THE FORCES 


from an isosceles triangle than that of either of the forces ; we might even suppose the 
the descending limb of the declination peak to become level, or even to ascend in conse- 
quence of the action of this second force. 

The following is a more precise definition of what is requisite before we can refer the 
action to a pure elementary force. 

Let it be supposed that we are comparing together portions of each of the three curves, 
commencing at the same time, then it may be asserted that these portions are due to the 
action of a single disturbing force when (the origin for each being the commencement of 
the portion of the curve under consideration) for equal absciss® the ordinates of the one 
curve always bear a definite proportion to those of the other. 

20. This is illustrated by the following tracings, which exhibit the movements of the 
three curves on August 11, 1860, from 2.34 p.m. to 5.26 p.m. 



VF Begirfning 




End. 


D Beginning 






End. 


21. From all this we perceive that, in order to find what are the pure elementary forces 
at work, we must select suitable peaks and hollows, and measure these accurately. 

The following Table exhibits the results obtained by comparing such peaks and hollows 
of the horizontal force with those of the vertical force, no reference being made to the 
declination. 
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Table IV. — Comparison in length of the Horizontal-force changes with those of the 
. Vertical Force. 


Date. 


Horizontal-force change (vertical-force change = unity in each 
instance). 


1858. March 2 — 3 

March 12 — 16 . 

March 27—29 . 

April 9 — 10 

June 23 — 24 .... 
July 5 — 6 

1859. February 9 — 10 . 

February 27 — 28 
May 19—21 


June 8 — 9 .. 
July 11—13 


August 28 — September 7 


October 12—18 

December 13 — 15 

I860. March 26—29 

April 9 — 15 

July 4—6 

August 6 — 12 


Actual measurements. 


2 * 4 , 

1*9, 

2 - 3 , 

1-9, 

2 * 3 , 

2*1 

1*9, 

1- 9, 

2 - 0 , 
2 * 2 , 
2 * 1 , 
2-0, 
1 * 8 , 
2 - 1 . 
2 - 3 , 
2-0, 
2*0, 
2 * 0 , 
2-0, 
2 * 3 , 
2 - 3 , 
2 - 2 , 

r 2-1, 
1 - 8 , 
21 , 
f 2*1, 
1*9. 
2 - 0 , 

1 2-0, 


2*1, 2-3, 
1*9, 2-1, 
1-9, 2*0 
2*1, 2*0 
2*1, 2-0 


2-0 

1*8, 1*9, 2*3, 2*0, 2*1 






2 * 2 , 

2*1 

1*9, 

2 - 0 , 

1*9. 

2 * 1 , 

2 * 0 , 

2 * 2 , 

1 * 6 , 

1*9, 

2 * 1 , 

2 * 0 , 

1*9, 

1*9, 

1*9. 

20 

2-3, 

2-1 

1*9, 

2 - 0 , 

1*9, 

2 * 0 , 

2 - 2 , 


2*2 


2 * 2 , 

2 - 0 , 

2 * 1 , 

2 - 1 , 

2 * 0 , 

2 * 2 , 

2 * 0 , 

1*9, 

20 , 

2*0 

1 * 8 , 

1-8 

2 * 0 , 


2*2, 1-9, 2*3, 1*8. 2*0 


1-9, 1*6, 1*8, 1-9, 1*6 


2 - 0 , 2 - 1 , 1 - 9 , 2 - 0 , 1 - 8 , 2-0 


2*1, 2-0, 2*0, 2*2, 1*7, 2-3, 2*0 

2-1, 1-9, 2-1, 1*9, 1*9, 2*2 

2 * 0 , 2 * 1 , 2 - 0 , 2 * 1 , 2 * 0 , 1*9 

1*9, 2-2, 2*1, 1*9, 2-0, 1*9 

1 * 9 , 2 * 1 , 2 * 0 , 2*0 


Mean. 


2-1 

2-2, 2-2, 2*0. 2*0 

1*9, 1*9, 2*0, 2*1 

1*9, 2*0, 2-2 

2-0, 1-9, 1*6, 2-0 

2 - 2 , 2 - 2 , 2 - 0 , 2-2 

2 * 0 , 2 - 0 , 21 , 1 * 8 . 1*7 

2*1, 1-9, 2-2, 1-9, 1*7, 2-1 
2*1, 2*0, 1-9. 2-0, 2-2, 2-0 


2*2 

2-0 

2*1 

2-0 

2*1 

2*1 

2*1 

2*0 

20 

2*0 

2*0 


2-0 


20 

2-0 

1*9 

2-0 

2*0 

2-0 


In this Table the actual measurements have been exhibited in order to afford an idea 
of the accuracy with which the proportion holds, without attempting to estimate the 
probable error. 

22. In endeavouring to frame a similar Table between the horizontal force and decli- 
nation, a curious fact presented itself. 

Although it is comparatively easy to find changes in the vertical force which are similar 
to corresponding changes in the horizontal force, yet it is much more difficult to find 
similar corresponding changes in the horizontal force and declination. Indeed, for many 
of the "cases recorded in the above Table, the declination-change would not be similar to 
that of either force. It thus appears that, even in cases which do not indicate the action 
of a pure elementary disturbance, the horizontal-force change preserves an almost 
invariable relation to that of the vertical force*. 

23. The following would appear to be the explanation of this. 

Whatever be the nature of an elementary disturbing force, its effect upon the hori. 

* This proves, in addition to a physical fact, that these magnetographs are capable of recording with pre- 
cision the slightest change in either element of the earth’s force, 
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zontal component of the earth’s magnetism bears always a nearly invariable proportion 
to its effect upon the vertical component of the same. In this case it is clear that two 
or more disturbing forces superimposed would, as far as regards the horizontal and vertical- 
force changes, behave almost in the same manner as a pure elementary disturbance. This 
also explains why it is almost impossible to find a peak in the one component of the force 
corresponding to a hollow in the other. 

24. This curious fact may likewise be stated in the following language : — 

Whatever be the nature of the disturbing force at work, its resolved portion , which acts in 

the plane of the magnetic meridian at Kew, is always in nearly the same line. 

25. It is very easy to find the direction of this line. 

A disturbance of the horizontal force, as it appears in the curve, is, we have seen, very 
nearly double that of the vertical force. Now an inch in the ordinate of the horizontal- 
force curve denotes a change amounting to nearly ’010 of the whole force, while for the 
vertical-force curve it represents a change of *0025 of the whole ; and increasing ordinates 
denote decreasing force for both elements. Also the absolute value of the horizontal 
force is 3*8, while that of the vertical force is D C. 

Hence if we represent by 38 the value of the horizontal component of the disturbing 
force in the plane of the magnetic meridian, that of the vertical component will be denoted 
by 12, and the dip of the whole force acting in this plane will be 17°*5 nearly. 

26. From what has been already mentioned (art. 22), it may be inferred that it is 
difficult to obtain' similar corresponding changes for all the elements together. The 
following Table exhibits those instances in which this has been accomplished ; but the 
results can only be regarded as very rough approximations. 

In some cases, where the vertical-force disturbance was very small, it was not attempted 
to measure it. 


Table V. — Similar corresponding changes for all the elements. 


Date. 

! 

Greenwich Mean 
Time. 

Character and size of change (vertical -force change — unity 
in each instance). 

Declination. 

i Horizontal force. 

i 

j Vertical force. 

1858. 

h 

ni 



i 


i 


March 14 

2 

19 F.M. 

rise after 

= 21 

rise after 

= 1*9 

| rise after 

= 10 

15 

9 

53 A.M. 

rise after 

= 1-8 

rise after 

=2*0 

i rise after 

= 1-0 , 

I 15 

9 

56 

fall after 

= 1*7 

fall after 

= 1*8 

fall after 

= 1*0 

15 

9 

35 

rise after 

= 2*1 

rise after 

=2*0 

rise after 

I 

! April 9 1 

11 

141 

rise after 

= 3-1 

rise after 

=2*0 

rise after 

j 

10 

4 

21 1 

rise after 

= 3-0 

rise after 

=20 

rise alter 

i 

10 

4 

23 

fall after 

= 2*7 

fall after 

= 2*1 

fall after 

= 1*0 j 

10 

6 

321 ! 

fall before 

= 3-0 

fall before 

= 1-9 

fall before 

= 1-0 ! 

June 23 

! 3 

25 i 

fall after 

= 1-4 

fall after 

= 2-0 

fall after 

i 

j 

23 

! 3 

29 

rise after 

= 1*5 

rise after 

= 2-0 

rise after 

i 

i 

23 

! 3 

33 

fall after 

= 1-6 

fall after 

= 2-0 

fall after 


23 

3 37 

rise after 

= 1*6 

rise after 

= 2-0 

indistinct 

! 

1 
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Table V. (continued). 


Date. 


Greenwich Mean 


Character and size of change (vertical -force change = unity 
in each instance). 




mu 

t?. 



1 


1 






Declination. 

Horizontal force. 

Vertical force. 

Oct. 

28 

li m 

10 59* 


hollow 

= 2*0 

hollow 

=2*0 

hollow 



28 

11 27* 


fall after 

= 2-1 

fall after 

= 2-1 

fall after 

= 1*0 


28 

11 42 

A.M. 

fall after 

= 2-0 

fall after 

= 2*0 

fall after 



28 

1 8* 

P.M. 

rise after 

= 2*1 

rise after 

= 2*0 

rise after 


Dec. 

4 

11 18 

A.M* 

rise after 

= 2-0 

rise after 

= 2*0 

rise after 



5 

8 12 


fall before 

=2-2 

fall before 

= 21 

fall before 

= 1*0 


5 

11 8* 


fall after 

= 2-0 

fall after 

= 2*0 

fall after 



5 

11 11* 

A.M. 

rise after 

= 2*0 

rise after 

= 2*0 

indistinct 


1859. 

i 








Feb. 

26 

12 534 

P.M. 

fall after 

= 2*1 

fall after 

= 2*0 

fall after 



26 

1 594 

P.M. 

peak 

= 2-2 

peak 

= 2*0 

peak 



27 

3 12* 

A.M. 

hollow 

= 2-0 

hollow 

= 2*0 

hollow 



27 

3 47* 

A.M. 

peak 

= 2*2 

peak 

= 2*0 

peak 



27 

3 8* 

P.M. 

fall after 

= 2*2 

fall after 

= 1*9 

fall after 

= 1*0 


27 

3 12* 


rise after 

=2-7 

rise after 

= 2*2 

rise after 

= 1*0 

June 

8 

11 43* 


rise after 

= 2-5 

rise after 

= 2*2 

rise after 

= 1*0 


8 

11 594 

P.M. 

peak 

= 2-3 

peak 

= 2*0 

peak 



9 

11 7* 

A.M. 

fall after 

=21 

fall after 

=2*1 

fall after 

= 1*0 

Sept. 

1 

11 16 

A.M. 

full after 

= 1-4 

rise after 

= 1*9 

rise after 

= 10 

4 

2 14 

P.M. 

rise after 

= 1-2 

rise after 

= 2*2 

rise after 

= 1*0 

Oct. 

17 

11 42 

P.M. 

fall after 

= 3-0 

fall after 

= 2*0 

fall after 

= 1*0 


18 

12 31 

A.M. 

fall after 

= 3-2 

fall after 

= 2*0 

fall after 

= 1*0 


18 

12 39 


fall after 

= 3-1 

fall after 

= 2*1 

fall after 

= 1*0 


18 

8 21 

A.M. 

fall after 

=«*6 

fall after 

= 2*0 

fall after 


Dec. 

14 

12 7* 

P.M. 

rise after 

= 2-4 

rise after 

= 2*0 

rise after 

1 


14 

12 18 

P.M. 

rise after 

= 2-5 

rise after 

= 2*0 

rise after 

= 1*0 

I860. I 









April 

10 

5 154 

A.M. 

rise after 

= 2-7 

rise after 

= 1*9 

rise after 

= 1*0 

10 

5 20j 


fall after 

= 3-2 

fall after 

= 2 0 

fall after 



10 

5 22~ 


rise after 

= 2-9 

rise after 

=2*0 

rise after 

= 1 0 


10 

6 3 


fall after 

= 3*3 

fall after 

= 2*0 

fall after 

= 1*0 


10 

6 7 

A.M. 

rise after 

= 3-3 

rise after 

= 20 

rise after 

= 1*0 


13 

12 54* 

P.M. 

rise after 

=2-9 

rise after 

= 1*9 

rise after 

= 1*0 

July 

5 

3 20 

A.M. 

fall after 

=3-6 

fall after 

=2*1 

fall after 

= 1*0 

5 

4 34 


fall after 

= 3*5 

fall after 

=2*1 

fall after 

= 10 


5 

7 21* 


fall after 

= 2-8 

fall after 

= 1*7 

fall after 

= 1*0 ; 


5 

8 10 

A.M. 

peak 

= 3-4 

peak 

=2*1 

peak 

= 1*0 , 

Aug. 

10 

6 57* 

P.M. 

fall after 

= M 

fall after 

= 2*2 

fall after 

= 1*0 

10 

7 1* 


rise after 

= 1*2 

rise after 

= 2 2 

rise after 

= 1*0 i 


11 

4 18 


fall after 

= 1*1 

fall after 

=2*0 

fall after 

= 1*0 : 


11 

4 21 


rise after 

= 0 9 

rise after 

= 1*7 

rise after 

= 1*0 ! 


11 

4 25* 


fall after 

= 0-8 

fall after 

=2*1 

fall after 

= 1*0 


11 

4 29 


rise after 

= 1-1 

rise after 

= 20 

rise after 

= 1*0 


11 

4 31 


fall after 

= 1*1 

fall after 

= 1*8 

fall after 

= 1*0 


11 

4 36* 


rise after 

= 1*0 

rise after 

=2*1 

rise after 

= 1'0 


11 

4 39 


fall after 

= 1*1 

fall after 

= 1*8 

fall after 

= 1*0 


11 

4 41 

P.M. 

rise after 

= 1*0 

rise after 

= 1-7 

rise after 

= 1*0 


4 r 2 
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27. It appears from this Table that the proportional value of the declination-element 
is very nearly constant during a disturbance, but that it varies much from one disturb- 
ance to another. The constancy of this element during the same disturbance will 
perhUps be best seen by comparing the values in the declination column with those in 
the column of the horizontal force, as the vertical-force changes being small, any error of 
measurement is very apt to alter the proportion between them and the larger changes 
with which they are compared. 

28. It will also be noticed that the great disturbance of August— September 1859 
seems to consist of two disturbances superimposed, one being of the normal type, but the 
other, as regards the declination-element, being decidedly abnormal. This agrees well 
with the results of Table III. 

29. It would thus appear that in the great majority of cases only one type or group 
of forces operates in producing a disturbance, and that the various individual forces 
which compose this group have a very small range as regards their mode of action upon the 
three elements of the earth’s magnetism at Kew. We may therefore (approximately at 
least) represent a disturbance by a single force ; and for this purpose it is competent for 
us to average for each disturbance the results of Table V. 

30. Now that force which affects the declination is evidently the horizontal component 
of the disturbing magnetic force which acts in a direction perpendicular to the magnetic 
meridian, and its value will be X tan where X denotes the absolute horizontal force, 
and $0 the angular displacement of the declination magnet. But an inch of the declination- 
ordinate represents 22', hence the disturbing force which would cause a change to this 
amount will be =3-8 tan 22'= *02 4, while, as we have already seen, an inch of change 
in the horizontal-force ordinate denotes a disturbing force ='038. Again, decreasing 
ordinates represent increasing westerly declination ; and since (except in one case) the 
three curves are simultaneously affected in the same direction, it follows that(with the same 
exception) a magnetic force acting from magnetic south to north must be compounded 
with one acting from magnetic east to west, and with one acting vertically downwards. 
But, for the anomalous disturbance of August — September 1859, a force acting from 
magnetic south to north must be compounded with one acting from magnetic west to east. 

Applying now the ordinary rules for combining forces, we obtain the following Table, 
in which the astronomical azimuth and dip of the various disturbing forces are given. 

31. It will, however, be first necessary to allude to a peculiarity in this method of de- 
termining the direction of the disturbing force. This is, that our results apply in strict- 
ness only to those small and rapid changes which occur as it were on the surface of the 
great disturbance-wave. 

We might, for instance, be engaged in studying the direction of that force which would 
occasion a small depression which we had observed to occur simultaneously in the three 
curves, while at the same time these curves might be elevated above their normals, and 
not depressed by the main body of the disturbing force. We have, however, in art. 15 
given grounds for supposing that these small and rapid peaks and hollows denote 
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changes in the main body of the disturbing force. Our results regarding the peaks and 
hollows may therefore, perhaps, be viewed as applicable to the main body of the force ; 
but we must bear in mind that while we may thus be enabled to determine the resultant 
line of action of this force, we do not yet learn whether it is of a positive or negative 
nature, whether it may be represented by a north or by a south pole. This will be 
rendered evident when we reflect that a small depression may be due either to the 
weakening of an elevating force, or to the strengthening of one of an opposite character. 
It thus appears that the north or south nature of the whole distubing force must be deter- 
mined by reference to the general appearance of the curve. Indeed it will be afterwards 
shown that we have grounds for supposing two antagonistic forces to be in operation at 
once. To fix our thoughts, however, let us suppose for the following Table the disturbing 
force to be one which increases the earth’s horizontal intensity at Kew, and let us con- 
sider its action on the north pole of the needle. 

Table VI. — Representing the Astronomical Azimuth and Dip of the various disturbing 

forces. 


Date of disturbance. 

Direction in which the force 
tends to make the north pole 
of a needle point. 

Dip which tho force would 
g-'ve to the north pole 
of a needle. 

1858. March 14—15 

North 53 4(r5 West 

15 30*5 

April 9—10 

64 28*5 

13 0*5 

June 23 

47 13 

15 53 

October 28 

54 5*5 

14 43*5 

December 4 — 5 

54 5-5 

14 43*5 

1859. February 26 — 27 

56 27*5 

14 23*5 

June 8 — 9 

56 10*5 West 

13 53*5 

September 1 — 4 

3 27*5 East 

16 46 

September 1 — 4 

40 30-5 West 

15 11 

October 17 — 18 

64 21*5 

12 52*5 

December 14 

59 13-5 

14 1*5 

1860. April 10—13 

65 54 

12 55 

July 5 

67 54 

12 17 

August 10 — 11 

North 40 1*5 West 

16 59*5 


32. It has been already mentioned that we do not ascertain by our method whether 
the whole disturbing force is positive or negative. The following considerations, however, 
may serve to elucidate this subject. 

We have seen in art 18 that a disturbance cannot be represented by the action of a 
single force, and we have also seen (art. 29) that the various forces which compose a 
disturbing group have a very small range as regards their mode of action upon the three 
elements, this range being especially small when the two force-elements are compared 
together. 

We might therefore hope to find, on inspecting the general appearance of the curves, 
that the two force-elements are simultaneously raised or depressed with reference to 
their normals nearly in the proportion denoted by the nature of the disturbing force 
whose character we have been analysing. 
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But this is not often the case ; and although generally both elements are on the same 
side of their normals, yet it happens occasionally that the one element is above while 
the other is below ; while on such occasions there is nothing in the behaviour of the 
peaks and hollows to indicate the action of any other than the ordinary disturbing 
force. 

33. This may perhaps be explained by supposing two antagonistic forces to be in 
operation at once, the one tending to elevate, and the other to depress the curve, the 
absolute values of these forces bearing a somewhat large proportion to their differences, 
and the one force affecting the elements in a slightly different manner from the other. 

Suppose, for instance, that +1 and — 1 denote the position of the horizontal and the 
vertical-force curves at the same moment, the former being elevated above' its normal, 
and the latter depressed below it. 

Conceive this result due to the action of an elevating force represented by +40 +20 
opposed by a depressing one represented by —39 — 21, and we have a sufficient expla- 
nation of this anomalous circumstance, while at the same time both the antagonistic 
forces sufficiently present the normal type. 

34. The same style of reasoning wili apply in comparing the declination curve with 
that of either force ; only here we must suppose that the one force affects the declination 
in a somewhat different manner from its antagonist, so that the proportion between a 
declination peak and one of either force is not so constant as that between peaks of the 
two forces. The idea of two antagonistic forces, the difference of which represents the 
risible action, seems also to give the simplest explanation of the fact, that sometimes a 
force which depresses one of the elements will change in the course of a few hours to 
one which elevates it — since otherwise we must suppose the disturbing force to have 
changed its character. 

This also is the view of disturbing forces which General Sabine, who has studied the 
subject so long and so successfully, has lately been disposed to adopt on other grounds ; 
and I am happy to think that the idea herein advocated is that of one whose judgment 
is so mature and whose information is so extensive. 

35. Adopting this view of the subject, it is worthy of remark that the same element 
of the disturbing forces (the declination) which changes so much its comparative value 
from one disturbance to another, changes also the most of the three when we pass from 
the one to the other of the antagonistic forces concerned in the same disturbance. 

In conclusion* I may be allowed to state that this paper is submitted to the Royal 
Society rather as indicating a method of analysis than as embodying the results of an 
investigation. 
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Note on the Electromotive Force induced in the Earth's Crust by Variations of Terrestrial 
Magnetism . By Prof. W. Thomson, A.M., L.L.B . , F.B.S. 

The evidence from observation adduced in the preceding paper tending to show that 
some “earth-currents” which have been actually observed have been the electro-mag- 
netically induced effects of variations of terrestrial magnetism, appears to be a very 
important contribution to the discovery of the complete theory of these most interesting 
and perplexing phenomena. It necessarily, however, suggests the question, Is the elec- 
tromotive force induced by variations of terrestrial magnetism comparable in amount 
with that which is found in observations on earth-currents 1 There is scarcely occasion 
at present for working out a complete mathematical theory of the currents induced in 
the earth’s crust by any fully specified magnetic variations. This can easily be done as 
soon as observation supplies data enough to make it useful. In the mean time a very 
rough theoretical estimate of the absolute amount of electromotive force induced by 
such magnetic variations as we know to exist, is sufficient to render it certain that this 
electro-magnetic induction does very sensibly influence the observed phenomena of earth- 
currents. For if there be, as we know there is every day, a gradual variation of terres* 
trial magnetism over a large portion of the earth’s surface, amounting to a minute of 
angle in the direction of the dipping-needle, or to some thousandths, or not much less 
than one thousandth of force during several hours, this change of magnetism must 
induce in a length of a few hundred miles in the earth's crust an electromotive 
force, which we readily see must be comparable with that which would be induced in a 
linear conductor of the same length if carried across the lines of magnetic force at the 
rate of a minute of arc (or a nautical mile) in several hours. In two articles communi- 
cated eleven years ago to the ‘ Philosophical Magazine ’ *, I explained the principles on 
which such an electromotive force as this is to be compared with familiar standards, as, 
for instance, that of an element of Daniell’s battery. Thus a horizontal conductor, 

1.400.000 feet long (or about 270 British statute miles), carried at the rate of 600 feet 
(or about one-tenth of a minute of arc) per hour in a horizontal direction perpendicular 
to its own length across the British Isles or neighbouring Atlantic ocean (where the 
vertical magnetic force averages about 10 British absolute units of magnetic force), would 
experience an induced electromotive force amounting to X 10 X 1,400,000, or about 

2.300.000 British absolute units of electromotive force. But, as I showed in the second 
of those articles, the electromotive force of a single cell of Danieli/s is about 2,500,000 
British absolute units. Hence the induced electro-magnetic force in question is about 
equal to that of a single cell. Some such electromotive force as this, therefore, must 
be induced in a length of 270 miles of the earth’s crust, by the ordinary diurnal varia- 
tions of terrestrial magnetism ; and the much more rapid variations in magnetic storms 

* See 1851, Second half year. “ On the Mechanical Theory of Electrolysis,” and “ Applications of the 
Principle of Mechanical Effect to the Measurement of Electromotive Forces, and of Galvanic Resistances, 
in Absolute Units.” 
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must produce much greater electromotive forces, which we may conceive may not unfre 
quently be as much as that of ten or twenty cells, and sometimes may amount to 100* 
cells or more. Just such amounts of electromotive force were those which I actually 
observed in the Atlantic cable, as the following extract from the * Encyclopaedia Metro- 
politana,’ article “ Telegraph, electric,” shows. 

“ In the failure of the Atlantic Cable in September 1858, the portion terminating at 
Valencia came to give nearly the same indications as an insulated conductor about 270 miles 
long, laid out westward, and connected with a copper plate sunk at a little less than that 
distance in the Atlantic. In these circumstances the writer found that from 1 to 9 or 10 
twentieths of the electromotive force of two Daniell’s elements was generally sufficient 
to balance the earth-current; not unfrequently 14 or 15 were required; sometimes, 
although rarely, 20, or the full electromotive force of two Daniell’s elements, was 
insufficient ; and once or twice in the course of the month of September, earth-currents 
were received so strong that five or six Daniell’s elements would have been required to 
balance them.” 

It seems therefore quite certain that the ordinary every-day earth-currents in that 
•locality must be very sensibly influenced by electro-magnetic induction from the ordinary 
diurnal variations of terrestrial magnetism ; but it is also quite certain that they are only 
in part due to this cause, and that some more powerful, but as yet unknown agency, is 
at work to produce them. For although I found that a day seldom, if ever, passes 
without the direction of the current changing several times, yet there was no relation 
between the times of such changes and the solar hours. I conclude with the following 
additional extract from the same article, expressing views regarding earth-currents which 
I think will be found to agree with the extensive and careful observations of Mr. C. V. 
Walkeb, which have been published since it was written, although they seem quite at 
variance with the theory which has recently been advocated by Prof. Lamont and Dr. 
Lloyd, that earth-currents, however they are themselves generated, do directly produce 
the magnetic variations. 

“ Earth-currents are certainly related to the irregular variations of terrestrial magnetism, 
since they are always found unusually strong during brilliant displays of aurora borealis ; 
for it has long been known that, on these occasions, the magnetic disturbances are un- 
usually strong. Being related to the variations of terrestrial magnetism, it is probable 
that the earth-currents also will be found to have daily periods ; but, in the mean time, 
we only know that, while the diurnal variation in terrestrial magnetism is observable in 
general every day, and is only on rare occasions overborne by irregular disturbances, the 
earth-currents vary each day from hour to hour, like the wind, under some overpowering 
non-periodic influence, and can only show daily periodicity in residual averages derived 
from lengthened series of observations. It is probable that careful synchronous obser- 
vations of auroras, earth-currents, and variations of terrestrial magnetism, will lead to a 
discovery of the primary influence, whether in the earth, or terrestrial atmosphere, 
or surrounding interplanetary air, which causes these phenomena.” — W. T. 
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Deceived May 8, — Bead May 15, 1862. 


The decomposition into its linear factors of a decomposable quadric function cannot be 
effected in a symmetrical manner otherwise than by formulae containing supernumerary 
arbitrary quantities ; thus, for a binary quadric (which of course is always decomposable) 
we have 

(a, b, cjx, Prod, {(a, b, yjx\ y')±s/ ac—b\xy' —oSy )} ; 

or the expression for a linear factor is 

V(a, b ' c % x ' iOC®'* y^+Jac-Vixy' -rfy)}. 


which involves the arbitrary quantities (& J , f). And this appears to be the reason why, 
in the analytical theory of the conic, the questions which involve the decomposition of 
a decomposable ternary quadric have been little or scarcely at all considered : thus, for 
instance, the expressions for the coordinates of the points of intersection of a conic by a 
line (or say the line-equations of the two ineunts), and the equations for the tangents 
(separate each from the other) drawn from a given point not on the conic, do not appear 
to have been obtained. These questions depend on the decomposition of a decom- 
posable ternary quadric, which decomposition itself depends on that for the simplest 
case, when the quadric is a perfect square. Or we may say that in the first instance 
they depend on the transformation of a given quadric function U=(#X#i V-> Z T into the 
form W a +V, where W is a linear function, given save as to a constant factor (that is, 
W=0 is the equation of a given line), and V is a decomposable quadric function, which 
is ultimately decomposed into its linear factors, =Qll, so that we have U=W a +QR. 
The formula for this purpose, which is exhibited in the eight different forms I, II, III, 
IV, I(bis), Il(bis), Ill(bis), IV(bis), is the analytical basis of the whole theory; and the 
greater part of the memoir relates to the establishment of these forms. 

The solution of the geometrical questions above referred to is (as shown in the memoir) 
involved in and given immediately by these forms. It is also shown that the formulee 
are greatly simplified in the case e. g. of tangents drawn to a conic from a point ip. a 
conic having double contact with the first-mentioned conic, and that in this case they 
lead to the linear Automorphic Transformation of the ternary quadric. The memoir 
concludes with some formulas relating to the case of two conics, which however is 
treated of in only a cursory manner. 


4 a 


MDCCCLXII. 
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Article Nos. 1 to 17, relating to a single conic. 

1. The point-equation of the conic is 

(a, b, c,f ; g, hfx, g, z)*= 0, 

which expresses that the point (x, g, z) is an ineunt of the conic. 

The line-equation of the same conic is 

Z, n, £ =0, 

\ a, A, g 

n A, A, f 

or putting 

(A, B, C, F, G, H)=(Ac— /*, ca— g\ ab—h\ gh—af Jf-bg, fg — ch), 
the line-equation is 

(A, 15, C, F, O, lilt, o, D’=0, 

which expresses that the line (f, q, Q (that is, the line the point-equation whereof is 
Zx+vg 4-£z=0) is a tangent of the conic. We are thus in the analytical theory of the 
conic concerned with the quadrics (a, b, c,f g, AX*?, g-> . Z Y an d (A, B, C, F, G, I1X£, q, £) 3 , 
which are the characteristics or ni/f actuals of these equations respectively. 

2. I put also 

lx— «, A, g , 

A, A, f 

g, f, c 

or, what is the same thing, 

K — abc — af* — b(f — ch* + 2/v/A . 

3. It may be convenient to notice that when ( a , . -X#, g-> Z Y breaks up into factors, 

the conic the equation whereof is (a, ..X#, g > z) a =0, becomes a pair of lines; and that 
when ( a , . -X#, g, z) 2 is a perfect square, the conic becomes a pair of coincident lines, or 
say a twofold line. But a pair of lines, distinct or coincident, cannot be represented by 
a line-equation. The analytical formula) presently given show that in the former case 
(A, . .3(5, V, £) a is the square of a linear function, which equated to zero gives the line-equa- 
tion of the point of intersection of the two lines, or node of the conic ; and the equation 
(A, . .3C£, £) a = 0 accordingly represents such point considered as a pair of coincident 

points, or say a twofold point. But in the latter case, where the conic is a twofold line, 
(A, .-X& KY is identically equal to zero, and the line-equation (A, £) a =0 is a 

mere identity 0=0, thus ceasing to have any signification at all. And the like remarks 
apply to the conic as represented by the line-equation (A, ..X$> n, £) a = 0, the conic here 
breaking up into a pair of distinct or coincident points, &c. 

4. It is proper to remark also that 

(a, ...X^,y, z'30, g, z )= 0 
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is the equation of the polar of the point (a/, y\ z') in regard to the conic, and that 

(A,..XP,^OC€,«i,«=0 

is the line-equation of the pole of the line (£', j/, £') ; or, what is the same thing, the 
point-coordinates of the pole are 

Ar+ILZ+G^': HS'+BjZ+F?': Gr+W+C£'. 

6. The inverse matrix is 


( 0, K 

9 )-\ = 

= h A > 

H, 

g ); 

A, 5, 

/ 

H, 

B, 

F 

/7’ /> 


G, 

F, 

C 


l • 

but it is convenient to disregard the factor — , and speak of (A, B, C, F, G, H) as the 

inverse or reciprocal coefficients. The equation just written down implies the relations 
Aa + HA -f- Gy = K, AA4-HA+G/==0, &c., which may be arranged in two different ways 
as a system of nine equations. 

6. We have also 

(BC— F 2 , CA-G 2 , AB-Il 2 , GH-AF, IIF-BG, FG— CH)=K(a, A, c,f, g, A), 
and 

ABC— AF 2 — BG 2 — CH 2 +2FGH=K 2 , 

which are well-known theorems. 

7. I notice also the theorem 

(«, . .Jx, y, z)\ (a, . . X#', y\ zj — [(«, . ,Jx, y, zjx\ if, z')] 2 
= (A '..Jjfz'—tfz, zx’—z'x, xy'—x’y) 3 , 

which is much used in the sequel : it may be mentioned, in passing, that this is included 
in the more general theorem 

(a, . y, zjl , m , n ), (a, . .](Y, y', z'Jl, m, n) 

(a , . .£r, y, zj)', »»', »')» («> • OW y\ z'JJ, »», w) 

= (A, ..'^yz'—y'z, zx’—z'x, xy' — x'y£nm' —m'n, nl'—n'l , Im'—l'm ), 

which is at once deducible from 

LZ -f Mm -f- Nm , L'Z -f M'm -f N'w 
1/ + Mm' + Nw', L'Z' -fMW-j- N V 

=(MN'-M , N)(mw'-m , w)+(NL'-N'L)(wZ'-w'Z)4(LM'-L'M)(Zm , -Z'm), 

by writing therein 

(L , M , N )=z(ax +hy +gz , hx +by +fz , gx +fy +cz ), 

(L', M', N')=(oar , -f hy'+gz', hri+btf+fz', gx J +ft/+cz'). 

4 s 2 
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8. Suppose now that 

(a, b, c,/, g, K$x, y, zf 
breaks up into factors, or say that we have 

(a, b , c,f, g, hjx, y, z) 2 =2(a^+/3y+yz)(a^+/3'y-f y' 2 ), 
the values of the coefficients (a , . .) then are 

(a, b , c,f, g, A)=(2aa', 2/3/3', 2y/, P/H-^y, ya'+^a, a|3'+a'/3), 
and forming from these the inverse coefficients (A, ..) and the discriminant K, we find 
(A, B, C, F, G, H)=— (/3y'—/3'y, yj-fa «/3'-a'/3) a . 

K=0. 


9. The last-mentioned equation, K=0, is the condition in order that (a, 
may break up into factors ; and when it docs so, we have 

(A, 1 , 0 a =— [W—Pr* ctp'-<x'PX& *?)]’» 

that is, ( a , . y, zf breaking up into factors, (A, . .££, rj, £) a is a perfect square ; and 
equating it to zero, we have 

[(/3y'-/3'y, yu'—y'a, * 0] a =0; 

which, (§, >7, Q being line-coordinates, gives (as a twofold point) the point of intersection 
of the lines (a, /3, y), (a', /3', y'), that is, the lines ca’-|-/3y+yz=0, a'a’+zSty+y^^t)- 

10. If (a, . y, z) 2 is a perfect square, then a' : /3' : y=a : /3 : y ; whence not only, as 

before, K=0, but the coefficients (A, B, C, F, G, II) all vanish (this implies the first- 
mentioned condition, K=0); and the line-equation (A, . >7, ^) 2 =0 becomes the mere 

identity 0=0. 

11. Conversely if K=0, then (a,. y, z) 2 breaks up into factors; andif(A,B,C,F,G,H) 

all vanish, then (a, . y, zf is a perfect square. The conclusions stated ante , No. 3, 
are thus sustained. 

12. I assume, first, that (a , . z f is a perfect square (No. 13) ; and secondly, that 
it breaks up into factors (No. 14); and I proceed to inquire how in the one case the 
root, and in the other case the factors, can be determined in a symmetrical form. 

13. Considering the before-mentioned identical equation 

(«, • -X*, y, z)\(a , ..X#', y* zj-[(a, .00, y, y> *')] a =(A, ..Xf'— y*» **'-*'*> 
if ( 0 , . -X^, y, zf is a perfect square, then by what precedes, the right-hand side of the 
equation vanishes, and we have 


(«,..! x,y,i)- ’ 


and the root of (a, . .X#, y, zf is thus seen to be 


1 ( a > • *x*» y* *X*> y* **) 

an expression which involves the quantities (a ; ,y, z'), the values whereof may be assumed 
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at pleasure without altering the value of the expression. For instance, assuming for 
{p ? , y, z') the values (1, 0. 0), (0, 1, 0), (0, 0, 1) successively, the different values of the 
expression are 

ax+hy +gz hx+by+fz gx+fy+cz 

a V'i Vc 


Put if, as assumed, (a, ..Jx, y, zf be a perfect square =(ctx+(3y+yz)\ then 

(a, b, c,f, g, h)=(ct\ y\ (3y, ya, a/3), 

and each of the foregoing values becomes equal to the root ctx-j-fiy-j-yz. It is some- 
what singular that it is not possible to obtain symmetrical formulae without employing 
in this manner supernumerary arbitrary quantities such as (x\ y, z'). 

14. Next, if {a,...'$x,y,z) i , instead of being a perfect square, onlylnreaks up into 
factors, then in the foregoing identical equation the right-hand side is a perfect square, 
and by the formula just obtained its value is 

[(A, ..JX, Y, ZXyz’-y’z, zx'-z’x, xy'-x'y)]* 

(a,..xx,y,z y ’ 


where (X, Y, Z) are supernumerary arbitrary quantities. The identical equation then 
gives 


and consequently 

(a, ..Jx, y, Product ° f 

■ la, ..Jx, y, *&, y. * , )+ ( A"X 3£ , 


a formula which exhibits the decomposition of (a, . .Jx, y, zf assumed to be a function 
which breaks up into factors; the formula contains the two sets of supernumerary 
arbitrary quantities (a/,y, z’) and (}#, Y, Z). It will be remembered that (A, . .) denotes 
the system of inverse or reciprocal coefficients (bc—f *, . ..). 

15. Consider the formula 

(a, b, c,f ; g, hM-ri'l SP-d, b, c, f, g, hjl\ ?)’, 

which gives 

tt= Oi’ +i£' — 2/lj£, 
b= «?+<*’ -2?& 
c= +<wj a — 


f =-<-/? +?!?+/<% 
g=-Ki+fir Si' +K, 
l^-cSi+ZK+^-AS*; 
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and from these we deduce 

( a, h, g X5,»,£)=(0. 0. 0), 

h, b, f 

g. f. c 

viz. a5+h>i+g£=0, &c. 

Also 

(be— f a , ca— g a , ab— h a , gh— af, hf— bg, fg— ch)=(g, > 7 , C, F, G,HX5»«.0*» 

that is, 

bc-f a =f(A, B, C, F, G, UXt * 0“, &c. 

Whence also 

(be— f a , . Oft m, w) a =(/g+m>7+w£) a (A, . -X& >7, £)*> 

and 

(be— f a , ..X^ w, »X^, w', n')=(/£+m>j+M£)(Z'£+m^+w'£)(A,..X$,>7, Z)*’, 
and moreover 

abc — af a — bg 8 — ch a -f-2fgh=0. 

16. The last equation shows that (a, .•'X/1 %' — £'£, & — £^) a , considered as a 

function of (£', V, £'), breaks up into factors. Or since the expression is not altered by 
interchanging (£', rj', £') and (f, q, £), the same* expression, considered as a function of 
(*, *i, £), breaks up into factors. It is in fact easy to see that any quantic whatever, 
(*X ^' — considered as a function of (§, 37, £), breaks up into linear 
factors; for in virtue of the equation £'( rg — £'%) + £'( — %n) — 0 , anyone 
of the quantities — £'*7 can be expressed as a linear function of the 

other two ; so that the quantic can be expressed as a linear function of any two of the 
three quantities ; and qua homogeneous function of two quantities, it of course breaks 
up into factors, linear functions of these two quantities. 

We may in all the formulae interchange (a/, y\ z') and (x, y, z), writing (a', b', c', f', g', h') 
in the place of (a, b, c, f, g, h). * 

17. Putting, in like manner, 

(A, B, C, F, G, II Xyz'—y'z, zx'-mz'x, xy' — x > y) 3 

=ea, 35 , e, jf, <&, y, *')\ 

so that 

» 0= Cy* H-B 2 8 — 2Fyz , 

45 = A z 9 + Cx 3 — 2 Gzx, 

€ = B# 4 + Ay 8 — 2 H>y, 

Jf=— Ays— F®*+ Gay+Hz#, 

(6 = — JSzx-{-¥xy — Gy 8 +H yz, 

II = — Gry + Fzx+ Gyz — IIz* , 

(3, 1*, ® ■$>, y, «)=(o, 0 , o), 

45, Jf 
4f, C 


wc obtain 



VIZ. 

Also 
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m-r, m-m, $<&-€%) 

=(#, y, zj. K (a, by c, /, y, hjxy y, zf ; 

that is, 

3BC-4f a =tf s K(a, b y <?,/, y, hjx, y, s) a , &c. ; 

whence also 

(iSC — $\ h K (a, ..Jar, y, s) a , 

(BC— Jf a , ..X*> y>, »X^ y-\ /)=(^F+y,y+vz)(^+y<'y+/z).K(«, .-X^ y, £)*; 

and moreover • 

a^c-a4r a -ase a -cr+2jr^=o. 


The last equation shows that (A, . . j(yz'—?/z, zx J —z'Xy xy'—x?yfy considered as a 
function of (x 1 , y\ z')y breaks up into factors, or (what is the same thing) this expres- 
sion, considered as a function of (x, y, z), breaks up into factors ; we may in all the 
formulae interchange (x, y, z) and (x\ y\ s'), writing (9P, C', jF, 0\ £j') in the place 

of(a,*,e,;f,0,»). ’ 


Article Nos. 18 to 28, relating to a single conic in connexion with a point or line. 

18. I apply the decomposition formula to the function (A, ..Xyrf—y'Zy ..)*, which, 
considered as a function of (x, y, z), breaks up into factors. We have 


(A, ..Xyz'—tfzy ..) a =(9P, *0O> y> Z T 

1 


p, . »X^> m > n )' 


Product of 


f 


(Qi xi m nTx v z ) 1 


But we have 


(91', -X^ n Y={ A, - .Xmz'—ni/y ..) 3 , 

(ST, .Ott »X*» y> Z )=( A > ..X mz '—ny'y..'£yz , —y'Zy ..), 

(3B'C'-4f' a , ..Jinz—nyy ..X*> y*, 0 

=[^(m«—wy)+y'(^— &)+z'(/y— m#)](ta/+yy+ w') K(a, . -X^', y', *')\ 
(<B'C'~;f' a , . -X*> y*> 0*= +yy' -W)*K(<z, . .Xa\ y\ ^') a , 


and thence 


(%'€'— df' 8 , ..X>n*-wy, .Jfr> v ) 

N /— (fi'C'-df' 8 , ..Xa, ^ v) a 


Xy y, z 

x>y y', s' 
l , My n 


k/-K (a,.. 
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whence we have 

(A, ..XjW-y*, -) , = (A,:.x^-n 7 p Product of 

(A, .. Xmz! —iii/, . .X^' — y*, . -)± * » y » * \Z“”K(a, ..X*', y, z )* ; 

y, 2 / 

£ , m, n 

And the identical equation 

(a, .*X*» V’ z )*-( a > ••X*'. y» *?—[(«» -0O. y, y, «')]*= (A, - .Jyz'—y'z, ..)» 

now gives . 

(«, . . X#> y, 2 )*= Quotient by (a, . . X^> y» s')* of j 
| [(a, ..X#, y, *X^> y* *')] a 

I + Quotient by (A, . . X mz ' — n Z/, ••)* of Product 


' (A, ..Xmz'—ny\ . .'Xyz' — 'ijz, ..) + x, y, z 

x\ y, 2 ' 


— k(«, . . .>y, y, zf , 


i, I / , m, w ! 

where the Product part may also be written 

(«, ...XI, m, nX^, */, *')-(<*, .-X*, y, fJV, y\ z ') 

(®> • • • x *' \ y ) z ) '(®) •• x^ Z XJ' , ^ ) 

dr\/—K(a, X^> y» 2')’ a:, y, 2 . 

j y » 2 

Z , m, w 

19. Writing in the formula 1. 

( a. A, g X^ y, *')=(?, V, Q 

A, A, /| 

* /. « ! 

we have 


A, 

H, 

G 

H, 

B, 

F 

G, 

F, 

C 


and thence 


K (a, . . Xrf, y, *') =(A, . . x^'» o a 

(«, ..X*, y, «X^> y> *')=?*+fl F y+C , «- 

SSU Q10 

(/, w, n)—(vri—y£ ) \ X%—v%, yg—'kri), 
then from the foregoing values of (#*, y, 2 ') 

»w'-»y=-i|(^-,fXGf+F^+Ci')-(^-XV)(He+BV+F5;')| 
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=Kf[£'(Af+W+GO+x , (H5'+B^+Fy)+?'(Gr+FV+CO'] 

. -Xf(Af+Hy+GO 
-fcf(Hf+B,'+FO 
-.f(Gf+F,'+CO, 

that is 

mi'-m/ =gjx(A, ..If, C)*-5'(A, .-If, y, £'XX, >)}, 

and similarly 

-fc' =g{KA, -If, y, £')*— jj'(A, ..If, y, 00, 
ty -f/w'=g|.(A, ..If, y, ..If, 00. fo, .)} ; 

and thence 

(A, H, Q\mz' —ny' , ..)= 

g{(A, H, GIX, ,).(A, ..If, y, O’ 

-(A, H, Gif, 0-(A, -If, V, 00. p, .)} 

with the like equations, writing H, B, F and G, F, C in the place of A, H, G succes- 
sively : and we then have 

(A, ..Xmzf— ni/, 

=e{(A, -IX, p, .ImV-«y, -).(A, -If, y, O’ 

-(A, -If, -).(A, -If, y, ?IX, p, .)}. 

^Jut the foregoing values of mz'—ni /, nri—lz 1 , ly’—mtf give also 
(A, ..X*., (t*, ..) 

=e{(a, -IX, >)’.(a, -If, y, 0 ’-[(a, -IX, .If, y, 01’]. 

(A, ..x?, V, ^Xwz'— wy, ..) 

=g{(A, -IX, n, .If, y, f).(A, -If, y, r)*-(A, -If, y, o*-(a, -ix, * .if, y, o}= 

So that 

(A, wy, ..)* 

=p(A, -If, y, O’. {(A, -lx, n, .)’. (A, -If, y, 0 ’-[(a, -Ix, .if, y, o]*> 
=e(A. -I?, </, $?•(«. -I 


MDOCCLXII. 
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Similarly, 

(A, ..Xwz'— m/, ..) 

=e{(a, e>, »x y-y*. „xe, </, ?')* 

— (A, . -Xf> V, ^Xy- — yz, ••!?> V* ?X X > f*> »)}• 

But 

(A, ..X*, i*, 'Xf'— ••) 

= (AA+Hj»+G»X^-y*) 

+(Hx 4"B/ m ' 4“ F v)(zrf — z^) 

4-(Gx 4-F/u. +Gv)(ay~a/y) 

= ar[y( Gx+F/^ 4- C*)— a/(Hx4- B/*+ F*)] 

4~yV( Ax4-HjU.4-Gv)— a/(GX4- Fft»4” CV)] 

4- z[y( 11x4-8(0. 4-F^—y(AX4’H^4-G»']], 

which, substituting for a/, y, z 1 their values 

{*,y,4)=l( A ’ H ’ G 

H, B, F 

G, F, C 

becomes 

=k{ 4(BC-p X'x' - z *?' ) + ( fg - cii x< — e ) + ( H f - BG)(^ - W )] 
+y[(FG-CHX»y-K')+(CA -G> X'-r - «? ) + (G H - AF Xf*T - U )] 

+z (HF— BGX”/ — /m£')+(GII — AFX*.?' — *§')+( AB — H' X/*?->V)}, 

which is 

=(a, ..x*, y , zX"/—t*P, ••); 

and by merely writing (?, »/, £*) in the place of (X, p, v), we have 

(a, ..x?', >/, rx^—y^ ..)=°«* 

so that we find 

(A, . .Xmz'—ny\ . .Jyz'—y'z, • •) 

=g(A,..xs'i >/, ST*(«» .a*. z X vr t—p%> K '— ■#> v%—u\ 

Now, writing the formula I. in the form 
(a, . . X x -> V-> «)*= Quotient by K(g, ..X^> y> z') a of ~| 

K[(a, . .X#, 2X^> Z ')J 

4-Quotient by K(A, . .X m ^ — n y'i • •)* °f 

K a {[(A , ..XmZ—ny, ..Xy^—y*, -.)]•+ * *K(«, -Ofoy. *)*), 

y , / 

Z , m, w 
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the right-hand side is 
. = Quoti ent by (A, . .ffi, >/, %')* of ^ 

+ rj ' y + %'z ) a 

’ -f-Quotient by («, .. yvri — pQ , ..) 9 (A, ..X$\ K'Y °f 

l{[(«, -OW-ftf. . *)-(A, -Off, OT+n»(A, ..xr, v, w, 

where 


n=K 


or, y , ^ - , 

s', y, 

l , ftl, ft 


or, what is the same thing, 


n= ! ar , y , 2 

= ! 


! Kr', Ky, Ks' 


Ar+IIV+Gf', Hr+B^+Ff, Gf+F^+C?' 

/ , w , w 


" 1—fV > xf— , pi '— > 4 '. 


More simply, the right-hand side is 

= Quotient by (A, . .Jf', r /, £') a of J 

K(t'a* 4 - tty + Vz )' 

4 - Quotient by (ft, ,.'$ yrf — ..) a of 

. {[(«, .ow-tf, -0C*.* *)] a (A, »xr, V, £?+n a } ; 

Or restoring the left-hand side, and resolving into its linear factors the function in { } , 
we have 


(ft, s) a =Quotient by (A, ..XI’, */» £')* °f j 

[ K (r*+ifr+ W 

**• ' -(-Quotient by (ft, ..' Jyrl — (*%', ..) a of Product 

. n±v/-(A,..xr^',??(a, . ..X*. y, *), 

where II has the value given above, which may also be written 

n= (a, ‘ ocr, r, ncx, ^ Fxr*+ry+M 

~(A, ..xr, V, ?') !l (^ 4 -^y 4 -^)- 

20 . We deduce at once the inverse or reciprocal formulae 
(A, . -X$, £) 2 = Quotient by (A, . -X 5 ', >/, K'Y j 

z .. - ■ — • ' 


hi. 


[(A, . .£ 1 , f If, ?’)]’ 

4 -Quotient by (ft, ..) a of K into Product 

(a, ..Xtf-K', ..K-Vf, -)±n/-(A, .:X? o’. ?')’ 


r, 


*» 


? , 
r 


X, p, * 


4 t 2 
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where the Product part may also be written 

Product [-^ (A, ..X?, V, £'X X > p, ')-( A > -Off* £'X& n, ?) 


21. And also 


-^(A ,..yg,i,vr 

±v/-(A,..X£', ?T 


.(A, ..XK £) 

5, »> f j]. 

r, ?' 


(A, . -X& 9, £)*= Quotient by (a, ..X#', y, z') s of 


IV. 


where 


) 


K^+^+W 

-f- Quotient by K(A, . •X^'—mz', . .)* of Product 

..x*', yr^nA, ..x^y-™*', ..xe, o, 


4>= 


5 * £ 

arf+htf+gz' » . ^+V+A. ^ +/y+cz' 

ntf-md, lz?—ru/ , iruz’—li/ 

which may also be written 


= («, • .X*. y> m ’ »)(yH-y9+*'?) 
— («, ..X^, y, z')’ • +W27 + 0- 


22. The geometrical signification is obvious. The formulae 1. and II. each of them 
show that the equation 

(a, ..X#, y, z)*=0 

of the conic may be written in the form 

W*+iQ R =°, 

where Q=0, R=0 are any two tangents of the conic, and W=0 is the line joining the 
points of contact, or chord of contact corresponding to the two tangents ; viz., in the 
formula I. we have 


w =(<*, ..x*, y, y> z \ 


^|=(A, ..Xmz'-ny, ..xy— y^, K («, .*X^ y> Z T 


x, y , z 

y, * 


l , m, n 

(or for a different form of Q, R see the formula). The quantities (o', y, zj are the 
coordinates of the point of intersection of the two tangents, or pole of the chord of 



MB. A. CAYLEY ON THE ANALYTICAL THEORY OP THE CONIC. 


651 


contact: (l, m, n) are supernumerary arbitrary quantities, the values whereof do not 
affect the result *. And in the formula II. we have 


2}=n± N /=^7XK7TW («, • -I«i • -I*, y, *) 


(for the value of II see the formula). The quantities (£*, tf, £') are the line-coordinates 
of the chord of contact (viz. the point-equation of this line is -f- rfy -|- £',z = 0) ; (X, | ct, v) 
are supernumerary arbitrary quantities. 

23. In the like manner the formulae III. and IV. each of them show that the line- 
equation 

4 (A,..) 


of the conic may be written in the form 

W’+iQR=0, ' 

where Q=0, R=0 are any two ineunts of the conic, and W=0 is the point of inter- 
section of the corresponding tangents ; viz. in the formula III. we have 

w=(a, ...jr, v, to * o, 

...w-K’v)±v'-(A,'T5cKvrr) i | «. ». ? 

X, v 

(for another form of Q, R see the formula). 

The quantities >/, £' are the line-coordinates of the line through the two ineunts, 
or chord of contact ; (X, j&, v) are supernumerary arbitrary quantities ; and so in the 
formula IV. we have 

w=^+y„+^, 

^}=K4>±v / -K(«, (A, • ■ ,, ?) 

(for the value of <I> see the formula), where a/, y, 2 / are the point-coordinates of the 
intersection of tangents at the two ineunts, or pole of the chord of contact ; (Z, m, n) are 
supernumerary arbitrary quantities. 

24. We may, instead of the supernumerary arbitrary quantities (l, m, n) of the 
formula I., introduce the quantities (X, //,, *), where 

(l,m,n)=x ( A ’ H ' G X^> (*■')• 

* 1 H, B, F 

G, F, C 


• In a different point of view, viz. if w® consider the formula I. aa a transformation of the function 
(a, ...'fe, y, *)*, then (rf, y\ zf) and (/, in, n ) would be each of them supernumerary arbitrary quantities: 
and so in the other like cases. • 
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This gives 

(A, H, G 'Xmz!—n {/ > ..) 

==A {md—nj/ )+H (tuxf—lz’ )4-G(jy —mar') 

=a/(Hn-Gw)+y (G/-Aw)+ 2 '(Aw-m ) 

=1. a/[H(Gx+F / u,+Cv)-.G(HX+B^+FO] 

+y[G(AX+H / t4+G0“A(GX+F j M.+Cv)] 

4-^[A(Hx+B i c6H-F0-H(m+B i M ( +F y )] 

= rf{gi* — hv) + 3 / (/^ — h) +z'(^ —fv) 

= +/y +cz')—it{ha? +fz ’ ). 

We have thus the system 

( A , H, Gymd —ni/ v .) =g>{ga} +/i / + ) — * (fa/ + $y 4 -/ 2 / ), 

(H, B, FXwiz'— wy, ..)=* (arf +gz’)—\{gx' +ftf +cz! ), 

(G, F, C Xmzt—ni/, ..)=X(&i/+£y +/*:')— g,(arf+hi/+gz!), 

and thence 

(A, ..Xmz'—ng\ ..Jj/z'—t/z, ..) 

= — I yd—tfz , za/—z'x , ary — aty 

I* ad+hy'+gz', hri+by'+fz', grf+fy'+cz' ; 

! 

i x , jt* , ** 

or observing that the term in X is 

—(zx f — z'x)(ga/+/y^cz , )+(xy , —a/y)(/i^+by , +/z'), 

which is 

= x(rf(arf+hy'+gz')+tf(M+fy , +fz')+z!(grf+fy+cz')) 

-x.ri(arf-\-hyl-\-gz') 

—y.rf{M+fo/+fz') 

—z.w , (gtf+fy , +cz') 

— — • .x^> ^x*^ » y» ^ • ‘X*^’ y> ^ } » 

with similar expressions for the terms in /«», *, we have 

(A, . .x»w'— *y, . .x^'-y*, • •) 

= — (xa/+/*y +<).(«, ..X^r, y, «X^» y» *')+(^r+f*af +««).(«» -OO^ y> *7 '* 

and so also 

(A, ..Xmz r ~ny, ..)* 

=— (xa/+^y +»' 2 ').(«> - .x^> * 00 *^ y* « , )4-(^+pw4-m).(«, . .x^, y, yy, 

where 

(a, ..X^ m, nXju't y, z') = Xa/ +^y 4- 
, X«+f.m+ra =g(A, . .IX, .)*, 
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so that 

. (a, . .ymd—ni/, ..) a =-(?uF'+^y+^)*+ g(A, . .xx, p, *)*.(«, ..ja/, y, z'y. 

Moreover, 
x, y, z 

x\ y, z 1 

l , m, n 
which is 

=^( A » -0(X, t*, vjyz'-y'z , . .) ; 
and hence instead of the formula I. we havfc 



[(a, ..X^ y, zX^> y, z')] 3 

+ Quotient by -f (A, .-Xx, p, v)\a, . -X^, y, z') a — K(?ur'+|E*y+w') s of K Product 

f(^r'+^y+w').(a, . -X^y> zX^ y> z')-(x^+y-y+vz).(«, --X^y, m 

|±^\/-K(a, ..X®', y, z') a (A, . .Xx, p, *J.yz'--i/z , . .). J 

25. If, in like manner, in the formula II. we introduce, instead of (X, p, v), the new 
quantities (l, m, n), where 

(X, p, v)=( «, ^ XA »»> w )> 

A, A, / 

y. « 

or, what is the same thing, 

A, H, G Xx, (*, »), 

H, B, F 
G, F, C 

then we have 

(«, ^ 9 • •)=» (Hr+BV +F? )-m(G? -f-FV +cV), 

(A, b,fX>n'-pt?,..)=l (Gr+F,’ +CJ 1 )— » (A? +HX+GJ 1 ), 

(</./> ..)=»»(A?+H,'+G?')-* (H?'+BV+F?’); 

and thence 

(a, ..X«/-<, ..X*,y> z)= -r , y , * 

A?+ID/+G£\ HT+By+Fft G?+Fy+C{* 

1 m n 

= (A, . .Jmz-ny, . Off, V, £')> 

(* -ow-tf. ••) , =^{(a, ..xx, y, *) 3 -(a, »xft y, o*-[(a, ..xx, off. y, ?)]•} 

== (®> *0ff> w)*( A > *0ff> y, 



= g[(A) 1 +H i «,+G.X F , -^)+(m+B^+F.XM'-/x)+(G\+F f .+C.Xxy-yy)], 
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V= | * , y , * 

Af+Hs'+G?, Hf+Bf+Ff, Gf+FV+CT 
, <->? - p?-W 

=W -rf)-y(G?+F-/ +Cf')-j(Hf+BV +Ff) 

(hf-rf ).r(Af+H,'+G?')-x(G5 + F,'+C?') 

(ng-U ). x(H5'+B„' +FJ')- J r(Af +IW+G?) 

=M«>+i'y+W(Af'+IW+GO-a<A,..I5', >f, ?7) 
+^((^+Vy+^XJU'+B>,' +Ff )— y(A, ..If, f, 0’> 

+- {(f*+n , y+? , «)(Gf+F(i'+Cf )— *(A,..Xf, V, ?)■> 

=(fx+,>+^).(A, .00, »if, f, r)-(u+ w +«).(A, ..if, f, ?y 

=K(/f+mit'+>if l ).(fj+>i'y+f' 2 )— (a, ..I/, in, «Xx, y, 2 ). (A, .-If, s', f)' 
and the formula II. thus becomes 


( 0 , .-lx, y, r)*=Quotient by (A, .-If, V, f')* of { 

K(fx+fy+W 

II. (bis) -{-Quotient by (a, . -II, )», nf. (A, -If, s', £)’— K(If +)W +n?)’ of Product 
K(/f+mf+<).(fx+>/y+C 2 )-(«,..I/,»t,»Ix,y,j).(A,..If, l | , ,C)’] 
[±V=(V.If,Vr0 5 (A, -I mz-ny, . If, £')• 

26. And from these we at once deduce the inverse or reciprocal formula; 


(A, -If, s, ?)’=Quoticnt by (A, -If, s', f>)P of! 

<- - - — • ~ 1 ~ 1 " — * 

[(A,- If, 4, flf, </,«•)]■ 



-{-Quotient by (a, -I l, m, »)*.( A, -If, >/, f') a — K(If -f-tns' +nf')* of K into Product 
|(If +m,'+nf )(A, . .If, s, flf, s', ?’)-(I5+M!+*>? ) .(A, . -I f J, f)’l 
[ l±s/^(A, -If, s', ??(«, • -II, m, rOW-l'?, • •), J 


27. And 


(A, . .X& f), £)*= Quotient by (a, . -XY 3 /, z') 1 of j 
K W+fr+W 

IV. (bis) + Quotient by (A, . .JK, p, ») a .(a, . »XY Y 2 ') 1 — K(Xa/ +{m/ +w')* of Product 

( |K(xy +^+^).(^+y«+^)“(A, . .XI 1, m ray n).(a, . -XY Y ^ 

1 1 ±\Z^K(a, ..XY Y*') 1 ^ • OCY Y • •)» J 


which four formulae have the same geometrical significations with the original four 
formulae to which they correspond respectively. 
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28. The eight formulae become all of them the same or very similar for the quadric 
form ( 0 , ,.X#> y, z) 3 =# a -fy 3 -fz 2 , which of course implies (A, . . XS, V, Z)* 

Thus selecting any one of them at pleasure, e. g. the formula II. (bis), this becomes 

iP+f+fYF+f+WHte+ft+v*?) 
x {(?+m s +w s xr+»/ a +n-(^+w +<) 9 } 

=={(Zg'-fm^+<')(#£'+my-fw£')— (lx+my+nz)(g i +v'*+y a )} i 


+(r*+^+r) 


r, r 


2 


x, y , z 
l , w, w 


where the terms independent of £ ,a +»/*+£ a destroy each other. Omitting these terms, 
and dividing by £' a H-V a +£ ,a > the resulting equation is found to be 


r, p 

2 

r a + »' a + 

I'# + r!y +£'2 ^ 57 -f j?'m -K’n | 

x, y, z 


a# + yV + » 

v+ /+ 2% 

a7 H-ywi + zw 

l, m, n 


+W -f n% , 

& -f- my + W2 , 

/“-f- m a -f w a , 


which is a well-known identical equation. 


Article Nos. 29 to 33, relating to a single conic in connexion with an ineunt or a 

tangent of a conic of double contact. 

29. The formulae assume a very simple form when the point of intersection of the 
two tangents, or the line of junction of the two ineunts of the conic, is an ineunt or a 
tangent of a conic having double contact with the first-mentioned conic. Thus, if to the 
conic 

(fl, . •'£x, y , 2 ) =0 

tangents are drawn from a point (V, y\ z ') of the conic 

(a, y, zy+(%x+n’y+};'zy= 0, 

then we have 

(a, . .XV, y, 2')*= — (|V-f Vy+?V)* ; 

and using the form I. (bis), and putting therein (£', t /, £') in the place of the arbitrary 
quantities (X, /a, v), the equation of the tangent divides out by £’V-f-*/y +£Y, and omitting 
this factor it becomes 

(a, ..XV, y, z'Xx, y, 2 )+(^V+yy+?VXIV-f Vy+S's) 

±^(A, ..X?, »'> £'XyV— yz, zxr—z'x, ay'— Vy)= 0, 
which is of the form 

( « » /3 » 7 )[^y. *'X*> *)=0, 

v, 0', y 

« 7 , /3", / 

4 u 


MDCCCLXII. 
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where the matrix 



< 

1 a 5 

0, 

y 



a , 

0', 

7 



a , 

/3", 

/ 

«+? s 



*+& 

' + 

A+5Y- 

"7k( G?+F ’’'+ C ’ , )> 

A+»' 8 



’ Z+^+T g( A ?+H>/+G?') 

y+r?'+^ R (H?+BV+ F ? , ),/+^'-7^ A ?+ H ')'+ G ?'), e+f. 

30. But instead of further developing these formulae, I prefer to consider the formulae 
which give the points of contact of the tangents in question, viz. the ineunts of the 
conic (a, . .Jjv, y, z)*= 0, or the tangents through the point (a/, y, z') of the conic 
(«, ..Xx, y, *) 8 +(r*+^-k*) 3 = o. 

We have as before 

(a, ..£/, y', z'r=-{W+rly'+?z% 

and using the formula IV.(bis)and writing therein (?', V, £') in the place of the arbitrary 
quantities (X, fi , v), the equation contains the factor Z'x’+ri'y'+Z'z', and dividing by this 
factor, and by K, the line-equation of the ineunt is 

x'S+t/'i+X+uW+^'+S? M A - •OCI'. v, K’X !. n, K) 


±7g(«. • •X*', .'A j'X’i V?, ■■)=°- 

Selecting the positive sign, the coordinates of the corresponding ineunt are 

•« / +K(' I 'f'+y*+-?'X Af+IW+G^+Tgl >/(^+/y+^)-f(W+i/+/V) }, 

y +g(^|'+y,/+vrxH|'+ iw+ f?')+ r(<^+V+^)-IV+/y+^) }, 

-’ , +E(.» / i , +yy+^)(Gi , + Fy+c?')+^|iw+y+y*')-y(«*'+v+^)}; 

and taking (X, Y, Z) for the coordinates of the ineunt in question, and putting for 
shortness 

“ =1_ 7 k w-*£')> -7 R(/y-^). y= ~7g(<y-/r), 

«'= ^=i-7K«-y?). y= 
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we may write 

• (1+P)X=(2-«K -M -y* +R(A$'+W+G?X^+’>y+?V.), 

(1+P)Y = -old +(2- W-y'*' +g(H|'+BV+F MW+W+W), 

(1+P)Z= a'V -^V+(2-/y +i(G|'+ FV+ crxe^+'/y +?V), 

where P, which is arbitrary, may be put 

= r ( a , -m </. ?')■• 

31. These equations then give 

(*\y. *')=( «, 3, y IX, Y, Z), 

3', y 

/3", / 

which can be verified without difficulty by reversing the process ; and we have thus the 
coordinates (X, Y, Z) in terms of (x\ y\ z') 5 and reciprocally. 

32. If (X,, Y p Z t ) are the coordinates of the other ineunt, we have, it is clear, 

(^, y, ^)=( 2 — a , -/3, -y YX„ Y,, ZJ; 

-«\ 2 - 3 ', -y 

-3", 2-/ 

or substituting for (a/, y, s') their values in terms of (X, Y, Z), 

(2X„ 2Y„ 2Z,)=( «, 3, 7 IX+X„ Y+Y„ Z+Z,), 

3', y 

3", / 

* 

so that (X-f X p Y+Y /} Z+Z,) arc the same linear functions of 2X ; , 2Y,, 2Z, that 
(X, Y, Z) are of (x\ y, z') ; that is, we have 

i(l+P)(X+X,)=(2-« )X,- 0 Y,- y Z,+K (A|'+H,'+GC)(?V+,y+? , z'). 

i(i+p)(x+x,)= -«■ x,+(2-(3')Y- / z,+^(iir+Bv+Fr)(?v+,y+rA 

4(X+P)(X+X,)= -*"X,- (3" Y 1 +(2-/)Z,+g(Gf+FV+C?'X5V+,'3/+?V), 

which equations may be written 

vl+P)(X, Y, Z)=( a, b, c IXpYpZ,), 

a' , b' , c f 

a", b", c" 

4 u 2 
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where the values of the coefficients are 


(ip- + H "’ + G ?') - -•^|(«» , -/r)+gr(Ar +h*’ + on 

+B* 1 + PC') , l-7g(^-/-’)+g (Bn 1 *- Cp-SGCF-iPh +B»' + PC') 

+f.‘ + cn . v-*o+|« + f,' + on . (°p- ai’ s - 2 iuv-bv* 


and considering (X, Y, Z) and (X,, Y ( , Z,) as quantities connected, by the foregoing 
linear relations, we have identically 


(0,..XX,Y,Z)’=(<t,..XX ( , y„ z j*. 

So that the investigation leads to the automorphic transformation of the quadric func- 
tion, a transformation first effected by M. Hermite*. 

33. It is to be remarked that the foregoing formulae show that (a/, y, zf) being the 
coordinates of a point on the conic (a, ..](#> y, 2 ) 1 +(^ 4 -Vy+^) a = 0 , from which point 
tangents are drawn to the conic (a, ..X#, y, ^) a =0, then the coordinates (a/, y, zl) enter 
linearly into the equations of the tangents, the ineunts (or points of contact), and the 
polar. And it may be added that the equation of the conic enveloped by the polar 
(that is, the polar conic of (a, .. X x, y , 2) s +(^+Vy+? , 2)*= 0) has for its equation 

{K+(A, ..X?, y, mK ..x*,* 2) 3 -K(^+^+W=o. 
and that the coordinates of the point of contact of the polar with this conic are 

i'+i(A?+w+erx?^+’iy+?v), 


y+g(H?+w+F n?*+vy+W. 


z' +K (G? + W +C nw+w+w : 

so that (a/, y, i) also enter linearly into the expressions for the coordinates of the last- 
mentioned point. 


Article Nos. 34 to 37, relating to two conics. 

34. Considering now the two conics 

V=(a l b,c,f,g,hJjc,y,t)’=0, 

Suppose that the conic 

9U+0'U'=(to+0'a', ..lx, y, z)‘=0 

represents a pair of lines. 

* See my “ Memoir on the Automorphic Transformation of a Bipartite Quadric Function,” Fhil. Trani. 
to), cxlviii. (1858) pp. 88-46. 
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The condition for this is 

• Disct. (fla+flV, ..Jo:, y, z) a =0, 

which is 

(3, 36, G, BX*, d) 9 =0, 

where 

a=K, 

35 ss Aa'+B5 , +Cc'+2F/'+2G/4.2HA', 

G = A'a+ B 7 $ +C'c+2F/+ 2G^+ 2H7i, 

m=K' 

(the significations of K 7 , A 7 , B', C 7 , F', G 7 , H' being of course analogous to those of 
K, A, B, C, F, G, H). The three roots Q : Q' correspond, it is clear, to the three pairs 
of lines which can be drawn through the intersections of the two conics. 

35. The equation 

Disct. (a, 35, G, ©X0, 0?=o, 

which is of the fourth order in &, 35, G, 19, and of the sixth order as regards (a, by c,f, </, h) 
and (a\ l/y d,fy /, h!) respectively, is the condition in order that the two conics may 
touch each other. Assuming that it is satisfied, the cubic equation in Q : & has a pair 
of equal roots ; or say there is a twofold root and a onefold root ; the twofold root gives 
the pair of lines drawn from the point of contact to the other two points of intersection, 
the onefold root gives the pair made up of the common tangent and the line joining the 
other two points of intersection. 

36. In particular, suppose that the two conics are 

Z^x+ay+TZ^x+Jy +r’z)=0, 
2(to+(iy+vz)(k'x+[*'y+y'z)=0 ; 

so that 

(a, by <?,/, g , /i)=(2gg', 2 ad , 27V, ad+a'ry rg'+r'g, gff'+gV), 

' («', b\ c 7 ,/ 7 , g\ h')=(2Xk\ 2(A(a\ 2vv' , fu/+pV, vX' + i/X, X/m/+X 7 /*), 

(A, B, C, F, G, II )= — (ad — aV, % d -§'<r) a , # 

(A', B 7 , C 7 , F 7 , G 7 , v\' — * 7 X, 

and thence also 

a=K = 0, 


35— Aa 7 +&c. = — 2 

X, (Ay V 


X', ft/, v 1 , 


0 » f 


o’ , r 




f\ o', r 7 

G=A'a+&c.=— 2 

<>, c , r 


^ * 


X, (Ay > 


X, (Ay V 


X', f*', v 7 


X 7 , ft/, / 


J9=K' = 0; 
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and the equation in (d, 0') is 

$0+e0'=O; 

so that, writing fl=C, 0'= —35, the equation of the pair of lines is 

(tx+cy+rz)(fr+ o'y+i'z) - 


gs * , «■ 


t'. ^ 

X, ft , v 

• 

X, p., v 

> f t 1 

K, ft. V 


X', /*', 


X, ft, y 

i 

X', / 

g» » r 


g» * , *• 

g 1 . ^ 


./ j 

g » ^ T : 


(kx+fty+yz)(\'x+it'y+y'z)=Q; 


and it is easy to see that the left-hand side does in fact break up into factors, and that 
the equation is 


* , y , 2 


x , y , ^ 

(tJ — VO 1 , VQ> — },t\ Xt —fto' 


ft-r— vg , eg — Xr, X<r — 

ev' —Tit 1 , rX'— § p', %(t'— ah 1 


o’y'—^ft 1 , r'X'-— gV, offt'—o’y! 


whicli of course might have been obtained at once by means of the four points which 
are the intersection of each component line of the first conic by each component line of 
the second conic. 

37. Suppose that the first conic is 


(a, b, c,f . ; g, hjx, y, z) s =0, 
while the second conic is the pair of lines 

2 (}jc-\-fty+vz)(},'x+ft'y-\-v'z)=: 0 ; 

then putting, as before, 

($«+$'. 2XX', . .Jx, y , z) 4 = 0, 

we have 

(a, 35, c, aw, &y=o, 

where 

. a =k, 

35 = 2(A, B, C, F, G, Hjx, ft, /»', /), 

C = — («, 0, c,/, g, hyftv'—fj.'v, y/J—y\ \[t'—\'(ty, 
Q= 0; 

and the equation in (0, 6') is 


K6’+ 2(A, ..XX, p, tfx', ft', J)W-{a, ..)’0'’=O, 

which may be written 

{K9+(A, -XV * f*', >W={[(A, -XV f», /»’. Or+Kfa, -X^-A ..ft** 

=(A,-XV ,)’.(A, -X>-V, ^.9", 


that is, 


Ki=[±v/(A, . .XV f*, MVW?-(A, . -X*. h W, (*’. OF i 
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or we may assume 

** $= ±n/ (A, . .£X, p, *)%/ (A, . -3JV, i/y— (A, . .)>, (a, vjx', [A ', ✓), 0'=K, 

so that the conic 

{ ±\/ (A, . JX, (A, v)**/ (A, . 0Cx',y, v') 2 — (A, . .XX, p, (*'> •••fe s) 4 

+2K(a^+^+w)(X'^+^+^)=0 

breaks up into a pair of lines. 

Putting for shortness 

+>/ (A, . -XX, ")%/ (A, . -Xx', [a\ v'j 4 — ( A, ..XX, (A, *XX\ ^ S)=Q, 

the coefficients on the left-hand side of the equation are 

(Q$ -j-2Kxx / , .. n/ • .), 

whence, after all reductions, the inverse function is 


((A, ..XK ft >36, ». ?)v/(A, /, /) a +(A, ..JX', f)v/( AV-I^ft .)>>', 

and the remainder of the process of decomposition is effected without difficulty. 


Addition, 18 December, 1862. 

The formula? II. and II. (bis) each of them give the tangents of the conic 
(«, . . .X*, 2) 4 =0 at the mounts of intersection with the line $x-\-*i'y-\-%'z= 0. A very 

elegant formula for these ineunts themselves was communicated to me by Mr. Spottis- 
woode, and I have since found that the same or an equivalent formula is made use of 
by M. Aroniiold in his recent valuable memoir, “ Ueber eine neue algcbraische 
Behandlungsweise der Integrale irrationaler Differentiale, &c.”, Crelle, t. lxii. 
pp. 95-145 (1862). The formula is as follows, viz. for the conic and line, 

(a, b, c,f) g, hX*y y , s) 4 =0 
%x+ify+?z= 0 , 

then 

x:y: z— 

{1% +»d/+m£') + t)'(gl-\-fm-\- cti)—%'(hl+bm-\-fti)-\-l \/<p, 

: (/g'-f W+O 0 +?(al+hm+gn »)- $(gl+fm+cn)+nis/v, 

m 

: (/g'-f md+n?) — ^ + $'(M+6ra4-/’j)— s/p ; 
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where 

f= ?, r = — (A, B, C, F, G, HI£V, 2T)’ 
«, I>, ff 

*\ *, », f 

V, /. « 

JU JT-. JU 

So that | i -J ^ are respectively 

= -(Ar+w+or), -(He+Bv+Fr)-Gr+Fi/+cr, 

and where /, w, n are supernumerary arbitrary quantities. 
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XXX. Appendix to the Account of the Earthquake-Wave Experiments made at Holyhead . 

By Robert Mallet, C.E., F.JR.S. 

Received March 27, — Read May 8, 1862. 

I am now enabled to fulfill the intention expressed (vol. cli. p. 678) in concluding the 
above ‘ Account,’ as read to the Royal Society, having since then completed a series of 
experiments upon the compression of specimens of the Holyhead Rocks, and deter- 
mined their moduli of elasticity. These experiments were made upon eubes cut from 
solid and perfect pieces of the rocks by the lapidary’s wheel, each 0*707 inch upon the 
edge — each side, therefore, presenting a surface of 0*5 square inch, — and the utmost care 
being taken to preserve perfect parallelism between the opposite boundary planes, so 
that, when compressed between hardened steel surfaces, fracture should not result by 
inequality of pressure. 

The compressions were made at # the Royal Arsenal, Woolwich, with the very accurate 
and excellent machine used for testing compression and extension of metals in the 
gun-factory; and I have to express my thanks to Lieut.-Col. Anderson, C.E., the 
Superintendent of that department, for the valuable assistance afforded me through his 
attention. 

The specimens operated on consisted of two each from the following four classes, 
namely, the hardest and the softest slate-rock, the hardest and the softest quartz-rock, 
which occur within the range or neighbourhood of my experimental explosions at 
Holyhead ; and from each of these classes or varieties of the two rocks, cubic specimens 
were compressed, 1st, in a direction transverse to the plane of lamination, 2nd, parallel 
to the same, all the cubes being so cut out of the rock that two sides were, quamproi r., 
parallel to the plane of natural lamination or jointing. The load (50 lbs.) first applied 
was considered zero, being only sufficient to ensure a complete bearing in all parts of 
the instrument. The subsequent loads advanced by 1000 lbs. per square inch of surface 
at a time, up to the crushing of the specimen ; and at each fresh load the amount of 
compression was measured by beam-callipers, with instrumental arrangements that 
admitted of reading space to *0005 of an inch. 

The experimental results, as obtained, are recorded in the following Tables, from 
No. I. to No. VIII. inclusive ; and in the succeeding Tables IX. and X., the results of the 
former are compared, and the mean compression deduced for each 1000 lbs. of pressure 
applied upon a prism of each of the four classes of rock (two of slate and two of quartz), 
of one inch square surface, and one inch in height, and under both conditions as to the 
relative direction of pressure and of lamination, 

mdccclxii. 4 x 
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Table I. — Holyhead-Rock Compression. Experiments A, 
on Hard Slate ; pressure transverse to lamination. 


Hard X Slate. 


No. of 
experiment. 

Pressure duo to 
the unit of 
surface 

= 1 square inch. 

Compression 
readings of the 
column of 
0*707 inch. 

Compression 
readings due to 
the successive 
loads. 

Total compressions 
produced by the 
load on column 
of 0*707 inch. 

Total compressions 
reduced to a column 
of unit height 
-1 inch. 


lbs. 

in. 

in 

in. 

. i 

in. 1 

1. 

50 

•085 

•000 

•000 

•0000 

2 . 

1,000 

•081 

•004 

•004 

•0052 

3. 

2,000 

•078 + 

•003 — 

•007 

•0091 

4. 

3,000 

•078 + 

•000 

•007 

•0091 I 

5. 

4,000 

•078 

• 000 + 

•007 

•0091 

6. 

5,000 

•078 

•000 

•007 

•0091 j 

7* 

6,000 

•077 + 

• 001 — 

•007 

•0091 1 

8. 

7,000 

•077 

• 000 + 

•008 

•0104 

9 . ; 

8,000 

•076 + 

•001 — 

•008 

•0104 

10. 

9,000 

•076 + 

•000 

•008 

•0104 

11. 

10,000 

•076 + 

•000 

•008 

•0104 

12. 

11,000 

•076 

• 000 + 

•008 

•0104 

13. 

12,000 

•076 

•000 

•009 

•0117 

14. j 

13,000 

•075 + 

•001 — 

•009 j 

•0117 

15. 

14,000 

•075 + 

•000 

•009 j 

•0117 

16 . i 

15,000 

•075+ | 

•000 

•009 j 

•0117 

17- i 

16,000 

•075 

• 000 + 

•009 ! 

•0117 ! 

18. 

17,000 

•075 i 

•000 

•009 | 

•0117 

19. 

18,000 ; 

•075 i 

•000 

•009 

.0117 

20. 

19,000 1 

•075 

•000 . 

•010 

•0130 

21. | 

20,000 

•074+ j 

•001 — 

•010 

•0130 

22. 

21,000 I 

•074 + 

•000 

•010 

•0130 

23. 

22,000 i 

•074 1 

•000 + j 

•010 

•0130 

24. 

23,000 

•074 

•000 j 

•Oil 

•0143 

25. i 

1 

24,000 

Crushed. 1 

i 

•Oil 

•0143 


Table II. — Holyhead-Rock Compression. Experiments B, 
on Hard Slate ; pressure parallel to lamination. 


HardJjtJl 


1. 1 

50 j 

•130 

•000 

•000 

•0000 

2 . i 

1,000 ! 

•120 

•010 

•010 

•0130 

3. 

2,000 | 

•100 

•020 

•030 

•0390 

4. 

3,000 

•099 + 

•001 — 

*031 + 

•0403 + 

5 . i 

4,000 

•098 

•001 + 

•032 

•0416 

6. j 

5,000 

*097 

•001 

•032 

•0416 

7 . ! 

6,000 

•096 

•001 

•032 

•0416 

8. ! 

7,000 

•094 

•002 

•036 

•0468 

9- ; 

8,000 

•092 + 

•002 — 

•038 + 

•0494 

10. I 

9,000 

•092 + 

•000 

*038 + 

•0494 

n. ; 

10,000 

•092 + 

•000 

•038 + 

•0494 

12 . ; 

11,000 

•092 

•000 + 

•038 + 

*0494 

J3. 1 

12,000 

•092 

•000 

•038 + 

•0494 

14 . ; 

13,000 

•092 

•000 

•038 + 

•0494 

15 . ; 

14,000 

•092 

•000 

•038 + 

•0494 

- 16 . 1 

15,000 

•090 

•002 

•040 

•0520 

17- 

16,000 

•089 

•001 

•041 

•0533 

18. ! 

17,000 

•086 

•003 

•044 

•0572 

19- 

18,000 

•085 + 

•001 — 

•045 + 

•0585 + 

20. 

19,000 

•085 + 

•000 

•045 + 

•0585 + 

21. 

20,000 

•085 + 

j *000 

•045 + 

•0585 + 

22. 

21,000 

•085 

! *ooo+ 

•045 + 

•0585 + 

23. 

22,000 

•085 

! *ooo 

•045 + 

•0585 + 

24. 

23,000 

•085 

! *000 

•045 + 

•0585 + 

25. 

24,000 

•082 

I *003 

•048 

•0624 

26. 

25,000 

•082 

•000 

•048 

•0624 

27. 

26,000 

•080 

•002 

•050 

•0650 

28. 

27,000 

*077 

•003 

•053 

•0689 

29. 

27,000 + 

Crushed. 


•053 

•0689 


Table III. — Holyhead-Rock Compression. Experiments C, 
on Hard Quartz ; pressure transverse to lamination. 


I I 

Hard Jgfl^ Quart*. 


No. of 
experiment. 

Pressure due to 
the unit of 
surface 

1 square inch. 

Compression 
readings of the 
column of 
0*707 inch. 

Compression 
readings due to 
the successiTe 
loads. 

Total compressions 
produced by the 
load on column 
of 0-707 inch. 

Total compressions 
reduced to a column 
of unit height 
«1 inch. 


lbs. 

in. 

in. 

in. 

1 in. 

1. 

50 

•100 

•000 

•000 

I -0000 

2. 

1,000 

•097 

•003 

•003 

1 -0039 

3. 

2,000 

•095 + 

•002 — 

•003 

•0039 

4. 

3,000 

•095 + 

•000 

•003 

•0039 

5. 

4,000 

•095 + 

•000" 

•003 

•0039 

6. 

5,000 

•095 + 

•000 

•003 

•0039 

7. 

6,000 

•095 

•000 + 

•003 

•0039 

8. 

7,000 

•095 

•000 

•003 

•0039 

9. 

8,000 

•095 

•000 

*005 

•0065 

10. 

9,000 

•094 

•001 

•006 

•0078 

11. 

10,000 

•093 + 

•001 — 

•006 

•0078 

12. 

11,000 

*•093 + 

•000 

•006 * 

•0078 

13. 

12,000 

•093 + 

•000 

•006 

•0078 

14. 

13,000 

•093 

•000 + 

•006 

•0078 

15. 

14,000 

•093 

•000 

•006 

•0078 

16. 

15,000 

•093 

•000 

•006 

•0078 

17. 

16,000 

•093 

•000 

•007 

•0091 

18. 

17,000 

•092 + 

•001 — 

•007 

•0091 

19. 

18,000 

•092 

•000 + 

•007 

•0091 

20. 

19,000 

•092 

•000 

•008 

•0104 

21. 

20,000 

•091 + 

•001 — 

•009 + 

•0117 + 

22. 

21,000 

•088 

•003 + 

•012 

•0156 

23. 

1 22,000 

•083 + 

•005 — 

•012 

•0156 

24. 

23,000 

•083 + 

•000 

•012 

•0156 

25. 

24,000 

•083 + 

•000 

•012 

•0156 

26. 

25,000 

•083 

•000 + 

•012 

•0156 

27- 

26,000 

v -083 

•000 

•017 

•0221 

28. 

27,000 

•082 + 

•001 — 

•017 

• 0221 

29. 

28,000 

•082 + 

•000 

•017 

•0221 

30. 

29,000 

•082 + 

•000 

•017 

•0221 

31. 

30,000 

•082 

•000 + 

•017 

•0221 

32. 

31,000 

•082 

•000 

•017 

•0221 

33. 

32,000 

•082 

•000 

•018 

•0234 

34. 

33,000 

•081 + 

•001 — 

•018 

•0234 

35. 

34,000 

•081 

•000 + 

•019 

•0247 

36. 

35,000 

•080 + 

•001 — 

•019 

•0247 

37. 

36,000 

•080 

•000 + 

•020 

•0260 

38. 

36,000 + 

Crushed. 

. 


•020 

•0260 


Table IV. — Holyhead-Rock Compression. Experiments D, Hard ^ Quarts 

on Hard Quartz ; pressure parallel to lamination. l 


1. 

1 50 

•106 

•000 

•000 

•0000 

2. 


•106 

•000 

•000 

•0000 

3. 


•106 

•000 

•000 


4. 

^^^B? 1 7 

•106 

•000 

•000 


5* 

4,000 

•106 


*000 

t i^^B 

6. 

5,000 

•102 




7. 

6,000 

•100 + 

B 

1' 


8* 

7,000 


•000 



9. 

8,000 

•100 + 

•000 

1 


10. 

9,000 

1 MllflilSI 

•000 + 

1 


11. 

10,000 


•000 

1 

•0052 j 

12. 

11,000 

B '■ 

•000 



13. 

1 2,000 

•098 + 

•002 — 



14. 

13,000 

•098 

*000 + 

*008 

•0104 

15. 

14,000 

•097 

•001 

•009 

•0117 

16. 

15,000 

•096 

•001 

•010 

•0130 


16,000 

•093 

•003 

•013 

•0169 

# 18. 

17,000 

•092 

•001 

*014 

•0182 

19. 

18,000 

•090 + 

•002— 

•014 

•0182 

20. 

19,000 

•090 . 

•000 + 

•016 

•0208 

21. 

20,000 

Crushed. 

•016 

•0208 


4x2 













Table V. — Holyhead-Rock Compression. Experiments E, 
on Soft Slate ; pressure transverse to lamination. 


No. of 
experiment. 

Pressure due to 
the unit of 
surfaoe 

= 1 square inch. 

Compression 
readings of the 
column of 
0*707 inch. 

Compression 
readings due to 
the successive 
loads. 

Total compressions 
produced by the 
load on column of 
0707 inch. 

Total compressions 
reduced to a column 
of unit height 
* 1 inch. 


lbs. 

in. 

in. 

in. 

in. 

1 . 

50 

•088 

•000 

•000 

•0000 

2. 

1,000 

•087 

•001 

•001 

•0014 

3. 

2,000 

•086 + 

•001 — 

•001 

•0014 

4. 

3,000 

•086 

•000 + 

•002 

•0029 

5. 

4,000 

•085 

•001 

•002 

•0029 

6. 

5,000 

•085 

•000 

•003 

•0043 

7. 

6,000 

•079 

•006 

•009 

•0129 

8 . 

7,000 

•077 + 

•002— 

•009 

•0129 

9- 

8,000 

•077 + 

•000 

•009 

•0129 

10 . 

9.000 

•077 

•000 + • 

•009 

•0129 

11. 

10,000 

•077 

•000 

•009 

•0129 

12 . 

1 1,000 

•077 

•000 

•Oil 

•0158 

13. 

12,000 

•075 

•002 

•013 

•0187 

' 14. 

13,000 

•060 

•015 

•028 

•0404 

15. 

14,000 

•050 

•010 

•038 

•0548 

16 . 

15,000 

Crushed. 


•038 

•0548 


Note. — The eube E was 0 693 inch on the side, and the necessary reductions have been 

made in column 2 and subsequent ones. 


Table VI. — IIolyhead-Rock Compression. Experiments F, 
on Soft Slate ; pressure parallel to lamination. 


Soft 



Slate. 


1 . 

50 

•107 

•000 

•000 

•0000 

2. 

1000 

•105 

•002 

•002 

•0029 

3. 

2000 

•102 + 

•003 — 

•002 

•0029 

4. 

3000 

•102 

•000 + 

•002 

•0029 

5. 

4000 

•102 

•000 

•005 

•0072 

6. 

5000 

t *099 

•003 

•008 

•0116 

7. 

6000 

•097 

•002 

•010 

•0147 

8. 

7000 

•089 

•008 

•018 

•0259 

9. 

8000 

•080 

•009 

•027 

•0389 

10 . 

8000 + 

Crushed. 

1 

♦027 

•0389 


Note, — T he cube F was 0*693 inch on the side, and the necessary reductions have been 

made in column 2 and subsequent ones. 


Table VII. — Holyhead-Rock Compression. Experiments G, 
on Soft Quartz ; pressure transverse to lamination. 



Quarts. 


i. ! 

50 

•093 

•000 

•000 

•0000 

2. ' 

1,000 

•093 

•000 

•000 

•0000 

3. 1 

2,000 

•093 

•000 

•000 

•0000 

4. 

3,000 

•090 

•003 

•008 

•0043 

5. 

4,000 

•086 + 

•004— 

•003 

•0043 

6. 

5,000 

•086 + 

•000 

•003 

•0043 

7. 

6,000 

•086 

•000 + 

. *003 

•0043 

8. 

7,000 

•086 

•000 

•007 

•0101 

9. 

8,000 

•085 + 

*001 — 

•007 

•0101 

10. 

9,000 

•085 + 

•000 

•007 

•0101 

11. 

10,000 

•085 

•000 + 

•008 

•0116 

12. 

11,000 

•084 

•001 

•009 

*0129 . 

13. 

12,000 

•081 

•003 

•012 

•0176 

14. 

13,000 

•068 

•013 

•025 

•0969 

15. 

14,000 

•060 

Crushed before being fully loaded. • 


Note. — The cube Or was 0*694 inch on the side, and the necessary reductions have 
been made in column 2 and subsequent ones. 









MR. MALLET ON THE TRANSIT- VELOCITY OF EARTHQUAKE WAVES. 667 


Table VIII. — Holyhead-Rock Compression. Experiments H, 
on Soft Quartz ; pressure parallel to lamination. 


Soft 



Quartz- 


No . of 

experiment. 

Pressure due to 
the unit of 
surface 

= 1 square inch. 

Compression 
readings of the 
column of 
0*707 inch. 

Compression 
readings due to 
the successive | 
loads. 

Total compressions 
produced by the 
load on column 
of 0*707 inch. 

Total compressions 
reduced to a column 
of unit height 
=1 inch. 


lbs. 

in. 

in. * 

in. 

in. 

1. 

50 

•170 

•000 

•000 

•0000 

2. 

1,000 

•144 

•026 j 

•026 

•0374 

3. 

2,000 

•101 + 

•043- j 

•069 

1 *0992 

4. 

3,000 

•101 

•000 + 

•069 

| *0993 

5. ‘ 

4,000 

•100 

•001 

•070 

•1007 

6. 

5,000 

*099 

•001 ; 

•071 

i -1021 

7. 

6,000 

•098 

•ooi ! 

•072 

•1036 

8. 

7,000 

•0t9 

•049 i 

•121 

! *1741 

9» 

7,000 + 

Crushed before the increased load was applied. 


Note. — The cube H was 0095 inch on the side, and the necessary reductions have 
been made in column 2 and subsequent ones. 


Table IX. — Holyhead-Rock Compression. Slate Rock. — Results of compression 

compared. Column of unit length =1 inch. 


No. of 

Pressure in 

A. 

B. 

E. 

F. 

pounds on 

Hard slate 

Hard slate 

Soft slate 

Soft slate with 

experiment. 

unit of surface 
= 1 square inch. 

across lamina. 

with the lamina. 

across lamina. 

the lamina. 


lbs. 

in. 

in. 

in. 

in. 

I. 

50 

•0000 

•0000 

•0000 

•0000 

2 . 

1,000 

•0052 

•0130 

•0014 

•0029 

3. 

2,000 


•0390 



4. 

3,000 


•0403 

•0029 


5. 

4,000 


•0416 


•0072 

6. 

5,000 

•0091 


•0043 

•0115 

7. 

6,000 



•0129 

•0147 

8. 

7,000 

•0104 

•0468 


•0259 

9. 

8,000 


•0494 


•0389 

10. 

9,000 




Crushed. 

11. 

10,000 





12. 

11,000 



•0158 


13. 

12,000 

•0117 


•0187 


14. 

13,000 



•0404 


15. 

14,000 



•0548 


16. 

15,000 


•0520 

Crushed. 


17. 

16,000 


•0533 

i 


18. 

17*000 

! 

•0572 

i 

\ 


19. 

18,000 


•0585 

1 

I 


20. 

19*000 

•0130 

1 

1 


21. 

20*000 





22. 

21*000 





23. 

22*000 





24. 

23*000 

•0143 




25. 

24,000 

Crushed. 

•0624 



26. 

25,000 





27. 

26,000 


•0650 



28. 

27*000 


•0689 



29. 

28*000 


Crushed. 



30. 

29*000 





* 


in. 

in. 

in. 

in. 

Mean compYession for' each j 

•0006217 ’ 

•0025000 

•0039144 

•0037000 

1000 lbs. on unit of surface j 

up to 

23,000 lbs. 

up to 

26,000 lbs. 

up to 
14,000 lbs. 

up to 

7000 lbs. 
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Table X. — Holyhead-Rock Compression. Quartz Rock.— -Results of Compression 
compared. Column of unit length =1 inch. 



An examination of these Tables presents some remarkable and, so far as I am aware, 
now for the first time observed results. 

As might have been expected, the quartz-rock is much less compressible generally 
than the slate-rock, with this exception, however, that the softest specimens of quartz- 
rock, and those alone, are much more compressible than the softest slate, when both 
are compressed in the direction of or parallel to the lamination. 
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In this direction of compression, the hardest slate is more than double as compressible 
as the hardest quartz. 

When compressed transverse to the lamina, however, the hard slate and hard'quartz 
prove to feave very nearly the same coefficient of compressibility, which is very small for 
both ; while the softest slate and the softest quartz, compressed iif the same way (trans- 
verse to lamina), have also nearly the same coefficient of compressibility, but one about 
four times as great as for the hardest like rocks. 

These facts point towards the circumstance of the original deposit and formation of 
these rocks as their efficient causes. Both rocks consist of particles more or less wedge- 
shaped and flat, angular fragments more or less crystalline, deposited together, with 
their larger dimensions in the planes of lamination, which lamination has been produced 
by enormous compression in a direction transverse to its planes. Hence the mass of 
these rocks has already been subjected to enormous compression in the same direction 
as that in which we now find their further compressibility the least. But, besides that 
we might from this cause alone anticipate a higher compressibility when the pressure is 
applied to them parallel to the lamination, another condition comes into play; their 
aggregation of flat, wedge-shaped particles, when thus pressed edgeways, tends power- 
fully to their mutual lateral expansion, and hence to their giving way in the line of 
pressure. 

The per-saltum way in which all the specimens of both rocks yield, in whatever direc- 
tion pressed, is another noteworthy circumstance. On examining the Tables I. to VIII. 
it will be seen that the compressions do not constantly advance with the pressure, but 
that, on the contrary, the rock occasionally suffers almost no sensible compression for 
several successive increments of pressure, and then gives way all at once (though with- 
out having lost cohesion, or having its elasticity permanently impaired) and compresses 
thence more or less for three or four or more successive increments of pressure, and then 
holds fast again, and so on. This phenomenon is probably due to the mass of the rock 
being made up of intermixed particles of several different simple minerals, having each 
specific differences of hardness, cohesion, and mutual adhesion, and which are, in the 
order of their resistances to pressure, in succession broken down, before the final disrup- 
tion of the whole mass (weakened by these minute internal dislocations) takes place. 

Thus it would appear that the micaceous plates and aluminous clay-particles inter- 
spersed through the mass give way first. The chlorite in the slate, and probably felspar- 
crystals in the quartz-rock, next, and so on in order, until finally the elastic skeleton of 
silex gives way, and the rock is crushed. It is observable, also, that this successive dis- 
integration does not occur at equal pressures, in the same quality and kind of rock, 
when compressed transverse and parallel to the lamination. It follows from this con- 
stitution of these (and probably of all) rocks that very different powers of transmitting 
wave-impulses must arise when the originating forces vary considerably iif amount of 
primary compression. It is almost superfluous also to point out the great differences in 
wave-transmissive power in directions transverse and parallel to lamination that these 
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experiments disclose. They prove to us that, in an earthquake shock of given original 
power, ^the vibrations will have the largest amplitude when transmitted in the line of the 
lamination, but may be propagated with the greatest velocity in directions transverse to 
the same, assuming in both cases the rock solid and unshattered. 

In the following Table XI. the general results are deduced, and the mean compres- 
sions for each of the rocks calculated, and finally the moduli of elasticity are obtained 
in pounds and in feet ; the specific gravities adopted in calculating the latter being those 
given in the body of the paper, as follows : — 


Weight of a prism 1 foot 
long and 1 inch square, 
sp. gr. lbs. 

Hardest slate 2*763 1*1992 

Softest slate 2*746 1*1918 

Hardest quartz 2*656 1*1528 

Softest quartz 2*653 1*1515 

Mean for slate 2*7545 1*1955 

Mean for quartz 2*6545 1*1522 


General mean for both rocks .... 2*7045 1*1739 

The load on the unit of surface (1 square inch) at which the elastic limit of the rock 
is passed, and that at which it is finally crushed, together with the modulus of cohesion 
or resistance to compression, are also given, and will be useful to the engineer and 
architect. In the last column the value of my own modification of Poncelet’s coeffi- 
cient. T, (la force vive de rupture) is calculated in foot pounds, and represents the 
relative work done at fracture in each case. 



Table XI. — Holyhead-Rock Compression. 

General results reduced, Modulus of Cohesion and of Elasticity, &c. — Slate and Quartz. 
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To apply the results thus obtained to those of experimental wave-transmission at 
Holyhead. 

Poisson has shown* that the velocity of wave-transmission (sound) in longitudinal 
vibrations of elastic prisms is 



When g has its usual relation to gravity, l and p are the length and weight of the 
prism, and g=f, A being a weight that is capable of elongating the prism by an 
amount or extending it to the length 

/(1+&). 

Substituting, we have 

V’=^ : 

] j 8 

but 

A:W::S:1, 

W being the weight capable of doubling the length of the prism. Therefore 

V ’=^=4wl, 

or 

V=v'^L (II.) 

So that L being the modulus of elasticity of the solid, expressed in feet, the velocity of 
wave-transmission through it, if absolutely homogeneous and unbroken, is 

V=5-674 n /L (III.) 

Where, owing to want of homogeneity, or to shattering, or other such condition, as 
iound in natural rock, the experimental value of V differs from the above theoretic one, 
ve may still express the former by the same general form of equation — 

V'= av /E, (IV.) 

n which the coefficient a expresses the ratio to \/ g that the actual or experimental 
sears to the theoretic (or maximum possible) velocity of wave-transmission. 

In the slate- and quartz-rocks of Holyhead, I ascertained the mean lowest velocity of 
wave-transmission (for small explosions or impulses) to be 1089 feet per second (omitting 
iecimals), the mean highest velocity 1352 feet per second, and the general mem velocity 
from all, 1220 feet per second. 

Applying equation (IV.) to these numbers, and adopting the values of L given in 
Table XI. (mean of Nos. 9 and 10), we obtain 

V . 

a== vr 


* Traite de M6canique, vol. ii. p. 319. 
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and for the three preceding velocities, a has the following values : — 

ft. per Bee. 

, ,r, 1089 1089 



2917262 

1708"" 


1352 

1352 


v' 2917262 

1708~ 


1220 

1220 


=0-714 


The actual velocity of wave-transmission in the slate and quartz together, therefore, 
was to the theoretic velocity due to the solid material as 

a : y/g or 0-714 : 5-774, or 1-00 : 7-946. 

From which it results that nearly seven-eighths of the full velocity of wave-transmission * 
due to the material is lost by reason of the heterogeneity and discontinuity or shattering 
of the rocky mass, as it is found piled together in nature. 

This loss would be larger with still smaller originating impulses, and vice versd , but in 
what proportion we are not at present in a position to know. 

If we may for a moment allude to final causes, we cannot but be struck with this 
beneficent result (amongst others) arising from the shattered and broken-up condition 
of all the rocky masses forming the habitable surface of our globe, — that the otherwise 
enormous transit-velocity of the wave-form in earthquake shocks is by this simple means 
so reduced. 

That this retardation is mainly effected by the multiplied subdivisions of the rock, 
and in a very minor degree by differences in the elastic moduli of rock of different 
species, is apparent on examining the Tables IV. and V. of the previous part of this 
Report referring to the experiments at Holyhead. 

Although, therefore, we are now enabled, from what precedes, to calculate values 
for a, for the slate rocks and for the quartz of Holyhead, separately, and thus obtain 
separate values for V', for each of those rocks ; the result would probably be more or 
less delusive, as we have no possible means of deciding what is the relative amount of 
shattering and discontinuity, for equal horizontal distances, in each of these two rocks, 
nor what the relative retarding powers of planes of separation running in variable direc- 
tions, and at all possible angles across the line of wave-transit, as compared with their 
retarding powers if either all transverse to, or all in the same direction as, the wave- 
path. 

The greatest possible mean velocity of wave-propagation, in rock as perfectly solid 
and unshuttered as our experimental cubes, is determinable for both slate and quartz in 
the two directions of transmission, viz. transverse and in the line of lamination, from 
equation (III.), and the mean values of L in Nos. 9 and 10, and 11 and 12, Table XI., 
as follows : — 

ft. per sec. 

Mean of slate and quartz transverse to lamination . . . V=5*674v^2917262=9691 
Mean of slate and quartz in line of lamination V =5-674\/ 910914 =5415 
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This great difference of velocity, due to the difference in the molecular properties of 
the material of the rocks in their opposite directions, is, as our Holyhead experiments 
prove, almost wholly obliterated by the vastly increased degree of discontinuity and 
shattering, in the directions approaching that of lamination, or transverse to the wave- 
path in the first case. 

It is necessary to guard against any misconception as to the import of this result. 
The fact ascertained and just enunciated is this,*that the velocity of wave-transmission 
is greater in the material of these rocks in a direction across their lamination than in 
one longitudinal to the same, provided or assuming the material he 'perfectly unshattered 
in both — as homogeneous, in fact, as the small specimen-cubes experimented upon. 

. And were the whole mass of the rock, as it lies in its mountain-bed, as homogeneous 
as such cubes, then the velocity of wave-transmission would actually be greater across 
long ranges of natural lamination, than edgeways to them. The opposite, however, is 
often the case; the wave-transit period is slovver as the range of rocky mass is more 
shattered, discontinuous, and dislocated. 

These conditions affect rocks in nature most in or about their planes of bedding, 
lamination, &c., and hence most retard wave-impulses transverse to these planes ; so 
that the more rapid wave-transmissive power of the material of the rock in a direction 
transverse to the lamination may be more than counterbalanced by the discontinuity of its 
mass transverse to the same direction. 

The results of Wertiieim, on the transmission of sound in timber, proved the velocity 
to be greatest in a direction longitudinal to the fibres and annual rings of wood ; less in 
a direction perpendicular to the same, and from the centre of the tree radially towards 
its exterior; and least of all in a direction, quam prox., parallel to the annual rings, and 
perpendicular to the longitudinal fibres ; that is to say, that in each case the velocity of 
sound was rapid in proportion to the less compressibility of the wood in the same direc- 
tion. His results might seem at first to conflict with those which I have, announced. 
Any such conclusion, however, would be a mistake ; on the contrary, my results per- 
fectly analogize with those above alluded to. The difference between the cases is, that 
wood in mass, however large, is practically homogeneous and unshattered, and that its 
direction of least compressibility is longitudinal to its laminae (or annual rings); whereas 
the direction of least compressibility of rock is transverse to its laminae (which have been 
already powerfully compressed in this direction). In fact, as respects the point here in 
question, there is no true analogy in structure between the lamination (by annual rings) 
of wood, and the lamination or bedding of rock. 

It follows from what precedes, that earthquakes and rocks as both actually occur in 
nature — the rocks being of a stratified or laminated form (generally all sedimentary 
rocks)— must present the following conditions as to rate of transit of shock : — * 

1st. If such rocks were perfectly unshattered, and the beds or lamince in absolute 
contact, the shock would be transmitted more rapidly across these than in their* own 
direction. * 
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The difference is more in favour of the transverse line, in proportion as the rock is 
made up more of angular ^sedimentary particles of very unequal dimensions, the longest 
being parallel to the general lamination, and in proportion as the imbedding paste is 
softer in relation to such particles. 

Some sedimentary rocks no doubt exist, made up of particles perfectly uniform and 
equal in all three dimensions, and without imbedding paste — such as the lithographic 
stones of Germany, the Apennine marl-beds, &c., in which (assuming the above con- 
dition as to continuity) the transit-period would probably be alike in all directions. 

2nd. The actual amount of shattering and discontinuity in nature being usually 
greatest, upon the whole, in planes parallel to bedding or lamination, the transit-rate 
of Shock is most generally fastest in the line of the beds or lamination, rather than 
across them. 

Or, at least, this latter condition may interfere with the former to the extent of 
partial, complete, or more than complete obliteration. 

I am not aware that experiments have previously been made at all upon the com- 
pressibility, &c. of the slate- and quartz-rocks of Holyhead; and as these rocks are 
being employed there upon a vast scale for submarine building works, it may not be 
out of place to draw a few conclusions of a character useful to the practical engineer 
from the data that have been obtained. Some conclusions may be drawn which are 
applicable to all classes of laminated rocks in the hands of the engineer. 

It is a very prevalent belief that slate-rock (for example), in the form of the sawed 
roofing-slate of Anglesea or of Valentia (Ireland), will bear a much greater compressive 
load when the pressure is in the direction of the lamince, than in one across them. This 
the preceding experiments prove to be wholly a mistake — one that has very probably 
arisen from some vague notion of an analogy with timber compressed the end-way of 
the grain. 

It is now certain that Silurian slates and quartz-rock, and probably all sedimentary 
laminated rocks, whether with cleavage or not, are much weaker to resist a crushing 
force edgeways to the lamina, than across the same, and that the range of compressi- 
bility is much greater, for equal loads, in the former direction. 

The fact now ascertained, as to the great relative compressibility of laminated rock in 
the direction of the laminse, also points out the reason of the great bearing-power to 
sustain impulsive loads, which the toughest and most cohesive examples of slate-rocks, 
such as the slates of Caernarvonshire, present ; for there can be no grounds to doubt 
that the high compressibility of rocks of this structure in the plane of the lamina is also 
accompanied with a high coefficient of extensibility, although probably confined within 
much narrower limits as to incipient injury to perfect continuity. 

My experiments point out that the Silurian slate of Holyhead (the mean both of the 
hard and the soft) is crushed by a load applied across the lamina of about 1260 tons per 
square foot, and that its molecular arrangement is permanently injured at a little more 
than 1000 tons per square foot. 
mdccclxii. 4 z 
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The quartz-rock (the mean of both hard and soft) is crushed by a load, applied in 
the same manner, of 1630 tons per square foot, and its molecular arrangement is per- 
manently injured at less than 1000 tons per square foot. The quartz-rock gives the 
lighest measure of ultimate resistance, but it is the less trustworthy material when 
oaded heavily. 

Neither of these sorts of rock, if loaded so as to be pressed in the direction of the 
lamina, would sustain more than about 0-7 of the above loads at the crushing-point pud 
it that of permanent injury, respectively. From the extreme inequality found within 
larrow limits in both rocks as quarried, neither should be trusted for safe load in prac- 
;ice with more than about -^th of the mean load that impairs their molecular arrange- 
ment, as ascertained from selected specimens, or (say) not to more than 50 tons per 
iquare foot for passive or 25 tons per square foot for impulsive loads. 

The high relative compressibility of laminated rocks in the direction of the lamina 
night probably be made advantageous use of. where they are employed as a building 
material, for the construction of revetment or other walls of batteries exposed to the 
troke of cannon-shot, by building the work (under suitable arrangements to obviate 
plitting up) with the planes of the laminae in the direction of the line of fire, i. e. per- 
>endicular to the faces of the work ; for on inspecting the last column in Table XI., 
rhich contains the values of T r under the several conditions of rock and of compression, 
t is at once apparent how much greater is the work done in crushing the slates and the 
uartz in their toughest and most compressible direction, i. e. in the direction of the 
iminae , — twice as much work being, upon the average, consumed in crushing the rock in 
tiis direction as suffices to destroy its coherence in the one transverse to the laminaB, 
nd the difference in the two, iij the case of the softest quartz (Nos. 6 & 8), being as 
ruch as about 5 to 1. 

It would be unsuitable, however, to the present memoir here to pursue further such 
ractical deductions suggested by the results experimentally obtained. 
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XXXI. On the Theory of the Motion of Glaciers. 

By William Hopkins, Esq., St. Peter's College , Cambridge , M.A., F.B.S. dec. 

Received April 14, — Read May 22, 1862. 

Almost all the numerous discussions which have taken place during the last twenty 
years respecting our theories of glacial motion have had for their object the assertion 
of some particular view, rather than the establishment of a complete and sufficient 
theory founded on well-defined hypotheses and unequivocal definitions, together with a 
careful comparison of the results of accurate theoretical investigation with those of 
direct observation. Each of these views has been regarded, in my own opinion impro- 
perly, as a Theory of Glacial Motion. The Expansion Theory ignored the Sliding Theory, 
though they were capable of being combined ; the latter theory was equally ignored by 
the Viscous Theory, in which, moreover, instead of the definitions of terms being clear and 
determinate, no definition of viscosity was ever given, though that term designated the 
fundamental property on which the views advocated by this theory depended. Again, 
the Regelation Theory is not properly a theory of the motion of glaciers, but a beautiful 
demonstration of a property of ice, entirely new to us, on which certain peculiarities of 
the motions of glaciers depend. When we shall have obtained a Theory of the Motion of 
Glaciers which shall command the general assent of philosophers, no qualifying epithet 
will be required for the word theory ; it would indeed be inappropriate, as seeming to 
indicate the continued recognition of some rival theory. If, for instance, it should be 
hereafter admitted that the sliding of a glacier over its bed and the property of regela- 
tion in ice are equally necessary, and, when combined, perfectly sufficient to account 
for the phenomena of glacial motion, there would be a manifest impropriety, not to* say 
injustice, in selecting either of the terms sliding or regelation by which to designate this 
combined theory. I make these remarks because I believe that the preservation of the 
partial epithets above mentioned has a tendency to prevent our regarding the whole sub- 
ject in that more general and collective aspect under which it is one of the principal 
objects of this paper to present it. 

This object must necessarily give to the present paper something of the character of 
a rSsumS of what has hitherto been done, whether it be our purpose to adopt or reject 
the conclusions of others. There are periods in the history of almost every science when 
its sound and healthy progress may almost as much demand the refutation of that 
which is erroneous as the establishment of that which is true. I shall not, however, 
enter into any review of the past labours of glacialists with respect to exploded theories, 
but shall only notice those more recent researches and speculations which appear to 
mdccolzii. 6 A 
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me either to demand refutation as erroneous, or admission into any weU-founded theory 
as correct. This treatment of the subject must necessarily lead to a certain repeti- 
tion as to results already established, and be also of too critical a character, perhaps, 
with reference to other results in which I may have no confidence. I can only say that, 
in the present state of glacial theory, such defects must be inherent in any attempt to 
present it under a more complete and systematic form than it has hitherto, I think, 
assumed. It is this circumstance, too, which I would especially offer as an apology for 
the repetition of certain results which I obtained many years ago. Most of them are 
abstract mathematical results. They are here obtained by a more general analysis of 
the problem than that formerly employed, and are introduced as essential steps in the 
development now offered of the theory of the motion of glaciers. 

In the first section I shall endeavour to remove the ambiguities which have beset this 
subject from the want of explicit definitions of certain terms expressing properties of ice 
on which our theories of glacial motion must essentially depend. 

In the second section I shall give a brief statement of the results of experiments 
which explain the sliding of a mass of ice down a plane of small inclination, with a 
slow and unaccelerated motion like that of an actual glacier. 

In the next section certain propositions are investigated respecting the internal pres- 
sures and tensions superinduced within a solid body by external forces which slightly 
distort it, and produce a small relative displacement of its component particles, or what 
may be termed a molecular displacement. 

In the subsequent sections these results are applied to the explanation of crevasses, 
and to an examination of the theories which have been proposed of the veined structure 
of glacial ice. Finally, I have shown the importance of the sliding motion in giving 
efficiency to the internal pressures and tensions to dislocate the glacier, which thus 
becomes relieved from its internal strain, regaining the continuity of its mass and structure 
by its property of regelation so beautifully exhibited in Dr. Tyndall’s experiment. 

• Section I. — Definitions and Explanations of Terms. 

1. The external forms of all bodies in nature may be changed in a greater or less 
degree, and without producing discontinuity in their mass or destruction of their internal 
structure, by the action of any external forces, the original or undisturbed form from 
which the change of form is to be estimated being that which the body would assume 
if acted on by no external forces whatever. This change of form necessarily implies a 
change in the relative positions of the component particles of the mass, or a certain 
greater or smaller amount of molecular mobility , or power in the particles of moving 
inter se. We may speak either of the general change of the form of the whole body, or 
of that which takes place in each of its small elementary portions ; it is, in fact, in this 
latter sense that we are obliged to regard it in any accurate investigations, because the 
change of form for different elements will usually be different. Change of form in an 
element may or may not be accompanied by a change of its volume. In the first case it 
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leads to cubical extension or compression ; in the latter, merely to extension or compres- 
sion of the surface and not the volume of the element, which may be called superficial 
extension or compression. These changes of volume and form in any element must be 
produced by the forces acting on it. Thus we may conceive linear extension alone pro- 
duced at any interior point of the mass by two equal and opposite tensions acting on 
two elementary component particles there in the direction of the line joining their 
centres of gravity, while compression alone would result if those tensions were changed 
into pressures. In such cases extension or compression would be the result of forces 
which may be called direct or normal forces. In the case above mentioned, in which the 
volume and density of every element of the mass remain unaltered, there can be no such 
direct normal action as that just mentioned. The action must be perpendicular to the 
normal, and must therefore be a transversal or tangential action. There would be no 
tendency to make the contiguous particles approach to or recede from each other, but 
to cause the one to slide tangentially past the other. 

If the body have a structure like that of any hard vitreous or crystalline mass, pres- 
sure at any point will tend to break or crush the body, and thus to destroy the conti- 
nuity of its structure. This tendency will be opposed by the resisting power of the sub- 
stance. The tendency of the direct or normal tension is to separate the contiguous 
particles, and thus produce a finite fissure, or a discontinuity in the mass. It is resisted 
by the normal cohesive power ; and in like manner the transverse or tangential action is 
resisted by the tangential cohesion, or that which prevents the component particles from 
sliding past each other. Again, when the component particles at any point of a body 
are relatively displaced, they have always a certain tendency to regain their originally 
undisturbed position ; and the force thus excited, considered with reference to the force 
of displacement at that point, affords a measure of what is called the elasticity of the 
body. Since the force of restitution may vary from zero to the corresponding force of 
displacement, the elasticity, when measured by their ratio, may vary from zero to unity. 

2. We may now define such terms as solid , plastic , viscous, and the like, with all the 
accuracy which their definitions admit of. We may call a body emphatically a solid body 
when it possesses the following properties: — (1) small extensibility and compressibility, 

(2) great power of resistance and great cohesive power, both normal and tangential, and 

(3) great elasticity. It will thus require a comparatively great force to produce any 
sensible relative displacement among the constituent molecules of the body : if we con- 
ceive the force required to become infinitely great, we arrive at absolute rigidity as the 
limit of solidity. Again, we shall best, perhaps, define plasticity or viscosity , if we 
suppose the forces of displacement to be such as to produce only a small transverse or 
tangential displacement of the constituent particles, i. e. a superficial, not a cubical, 
extension or compression. Then, if the force of restitution bear only an inappreciable 
ratio to the corresponding force of displacement, i. e. if the tangential elasticity be not 
of sensible magnitude, the mass may be emphatically said to be plastic. This is the 
essential condition of what may with strict propriety be termed plasticity ; it might also 

5 a 2 
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be added that, as bodies are constituted in nature, the force required to produce the 
original displacement in plastic bodies will be small as compared with that required' in 
solid bodies. Viscosity and semifluidity are terms which only express similar proper* 
ties of bodies, but indicating that still smaller forces only are required to produce a 
given displacement in viscous or semifluid bodies than in plastic ones. The limiting 
case is that of perfect fluidity, in which both the forces of original displacement and 
those of restitution are indefinitely small. In these latter cases the tangential cohesion 
is necessarily small, and such also (as bodies are usually constituted) will be the normal 
cohesion. At the same time the power of resisting compression of volume may be very 
great, as in fact it is in nearly all masses not technically designated as elastic masses. 
In other words, the normal elasticity, with reference to pressure, may be of any magni- 
tude, while the tangential elasticity equals zero. 

It will be observed that I have here spoken of a body as held in a state of constraint 
by external forces, but without any kind of dislocation which should destroy its conti- 
nuity or injure its structure. If, however, the external forces should be sufficiently 
increased, the structure of a vitreous or crystalline mass, or that of any m^ss possessing 
hardness and brittleness, will be destroyed by a pressure greater than its power of resist- 
ance can withstand ; or the continuity of its mass will be destroyed by any normal tension 
greater than the normal cohesion, or, again, by any tangential tension greater than the 
tangential cohesion. The normal tension would then produce an open fissure ; and the 
tangential tension would cause one particle of the mass to slide past another, but without 
producing any open discontinuity. On the contrary, in a properly plastic or viscous 
mass there is no definite structure for excessive pressure to destroy ; there is no question 
as to the formation of open fissures ; and the characteristic absence of tangential elas- 
ticity allows of any amount of change in the relative positions of the constituent particles 
of the mass without breach of its continuity. 

It would of course be impossible to draw an exact and determinate line of demarcation 
between solidity and plasticity, but it is not therefore the less certain that there are 
bodies which do unequivocally possess the property of solidity, and others which do as 
unequivocally possess the property of plasticity, according to the definitions I have given 
of these terms. Solidity and plasticity with respect to numerous cases in nature thus 
become determinate properties of those aggregates of material particles which we call 
bodies. Ice, a vitreous or crystalline and brittle mass, which will neither bear any but 
the smallest extension without breaking, nor more than the smallest compression with- 
out being crushed, must be solid, and cannot be plastic, if we are to use those terms as 
significant of determinate properties of bodies. 

3. The advocates of the Viscous Theory would not probably admit the necessity of the 
above rigorous definition of the term viscous in its application to glacial ice. But the 
defect of that theory has always been in the entire want of any accurate definition of 
that term. When such a definition was demanded, it was said that glacial ice must 
be viscous, because a glacier adapted itself to the inequalities of its valley as a viscous 



MB> HOPKINS ON THE THEOET OF THE MOTION OF OLACIEES. 


681 


mass would do. This was equivalent to saying that the mass was viscous because it 
moved in a particular manner, instead of asserting that the mass moved in that parti- 
cular manner because it was viscous. Now this kind of inversion of the direct enuncia- 
tion of the proposition is only admissible when there is no other physical cause, than the 
one assigned, to which it is conceivable that the observed phenomenon should be 
ascribed. Thus we may assert with perfect conviction, that gravity exists as a property 
of matter and acts according to a certain law, because the bodies of the solar system 
move as if such were the case ; but the conclusiveness of this inductive proof of the 
proposition — that “gravity is a property of matter” — rests entirely on our conviction 
that matter has no other property by which we could equally account for the phenomena 
of the celestial motions. And so with regard to glaciers. If viscosity were the only 
conceivable property of ice by which we could possibly account for the observed motion 
of glaciers, then would the observed phenomena of that motion perfectly convince us of 
the existence of the property in question. But here the two cases entirely differ, 
inasmuch as there was no general conviction, nor even a decided probability at the time 
I allude to, that no physical property of ice could exist besides viscosity which might 
account for the observed phenomena of a glacier’s motion ; and at the present time it is 
proved that there is another property of ice by which those phenomena are perfectly 
accounted for, and the inductive proof of viscosity becomes altogether valueless. 
Moreover, in the case of universal gravitation, the inductive proof is the only possible 
one, whereas in glacial motion we are concerned with a property which, in whatever 
sense the definition of it may be regarded, must be as capable of being rendered patent 
by experiment in ice, if it exist, as in any other substance. 

The answer, then, that was given to the question, what is viscosity ? comprised no 
definition at all of that term. The viscous theory ignored the possibility of the mole- 
cular mobility of a glacial mass, united with the preservation of its continuity, being 
attributable to any other property than that which was designated as viscosity, but 
without giving any exact definition of the term. If it was meant to define by it the 
property which I have defined by the same term, the theory had a legitimate claim to 
be considered a physical theory, because it assigned a determinate physical property as 
the cause of certain observed phenomena. In this sense, however, I conceive that it 
would now be admitted to be entirely disproved by Dr. Tyndall’s experiments, in which 
the ice exhibits so clearly the property of solidity, and the absence of all indication of 
plasticity. The hypothesis of viscosity, I imagine, could only have been adopted in the 
first instance from the apparent absence of any other property of ice which might 
account equally well for the molecular mobility of the glacial mass. 

4. But if the determinate property of viscosity, as I have defined it, be not recognized 
in ice, what, it will be asked, is really the idea which has been attached to the term 
plastic or viscous 1 The question, as I have already intimated, is difficult to answer. 
Perhaps the best way of doing so is to refer to the “Prefatory Note” to Principal 
Fobbes’s ‘ Occasional Papers ’ (p. xvi). He there intimates that the expressions “ bruising 
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and re-attachment,” and “ incipient fissures re-united by time and cohesion,” used by 
him in 1846, are to be regarded as having the same meaning as the expression “ fracture 
and regelation,” first introduced into the subject in 1857. Now there is no ambiguity 
whatever in this latter expression. “ Fracture” means the breaking and splitting of the 
ice regarded as a brittle and crystalline solid, and could ‘never be intended to have the 
slightest reference to viscosity. In fact the expression is altogether inapplicable to any 
body which can be called viscous, without what I should regard as a violation of scien- 
tific language. Still this, it may be said, may be only a want of strict accuracy of expres- 
sion, rather than of accuracy of conception. But if a notion of cracking and breaking, so 
foreign to any idea of plasticity, should be admitted, it could not be said that a glacier 
moved as it is observed to move because it was plastic, but merely that it moved as if 
it were plastic. The true inference from the motion would have been that glacial ice 
possessed not necessarily real plasticity, a definite property of bodies, but a quasi-plasti- 
city , which expresses no determinate property at all, but may consist with many different 
properties. It merely expresses, in fact, the power of the component elements of the 
mass of changing to a certain extent their relative positions. But this is not the pecu- 
liar property of ice; it is common, indeed, to all bodies exposed to disruptive forces 
which, as in the case of ice, the cohesive power is unable to withstand. The mass of 
any other substance, as well as that of a glacier, will then be broken into fragments 
sufficiently small to allow it to follow the impulses of the external forces acting on it. 
To say, therefore, that a glacier moves as if it were plastic is not to assign to ice any 
property peculiar to itself, and therefore does not properly constitute a physical theory 
of glacial motion at all. • 

5. But if we should pass over the difference between true plasticity and that which, 
as we have pointed out, is merely apparent, there would still remain the great difficulty 
which was only removed by the experiments of Mr. Faraday and Dr. Tyndall. Every 
one who believed ice to be a solid body, believed as a matter of necessity that a glacier 
must, on account of the external conditions to which it is subjected, be excessively broken 
and dislocated in the course of its motion. I was myself one of those who fell into the 
error of attributing too much influence to the larger and more visible disruptions of the 
mass ; but the great difficulty was in the perfect subsequent reunion of portions which 
had thus been separated, whether by larger or smaller dislocations. And here it will 
necessarily be asked whether, in the expression above quoted, “ re-attachment ” and the 
“ re-union by time and cohesion” of separated portions when again brought into contact, 
really mean the same thing as regelation 1 It can only be answered, I think, by saying 
that, whatever might be the intended meaning of those expressions, they failed to convey 
to the minds of others the most remote idea of regelation as a property of ice at a 
particular temperature. No better proof can be given of this than the general con- 
viction which appeared to flash across the mind of every glacialist when he first heard 
of Dr. Tyndall’s experiment, that the recognition of the property of instantaneous 
regelation was a well-marked and important discovery, which had at once completely 
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removed a great stumbling-block in glacial theory. In fact, the viscous theory assigns 
no physical cause for the reunion in question. All we could do, before the publication 
of those experiments, was to infer from the observed facts that ice did possess some 
property which facilitated the reunion of separate pieces in contact ; but this was like 
the attempt to define viscosity by an appeal to the phenomena which that property was 
intended to explain. 

6. An imperfect plasticity in ice has sometimes been spoken of. The fact is, all solid 
bodies might be said to have an imperfect plasticity, if we chose to admit this vague- 
ness in scientific language, since all are capable of greater or less extension or compres- 
sion. As to the apparent plasticity inferred from the motion of glacial masses, and 
arising from the crevicing of the ice, I have explained that it has no relation whatever 
to real plasticity. Such crevices are the necessary consequences of the external forces 
acting on the glacier, and are as essential to the theory of regelation as they are uncon- 
nected with any property of plasticity. 

I proceed, as proposed in my introductory remarks, to explain the sliding of glaciers. 

Section II. — Sliding Motion of Glaciers along the bottoms of the Valleys containing them . 

7. The sliding motion of glaciers, as first suggested by De Sa jssure, seemed to involve 
some serious difficulties. The inclination of the surfaces along which some of the 
Alpine glaciers descend is so small (not exceeding, perhaps, in some cases 3° or 4°) as 
to furnish one very obvious objection ; and another was, that if glaciers did thus move 
at all, it must be by an accelerated motion, whereas their real motion was an unac- 
celerated one. Both these objections were founded on an entirely erroneous conception 
of the nature of the forces called into action in the sliding of a glacier. They were 
considered to be analogous to the force of friction in the ordinary case of a body sliding 
down an inclined plane. But in this latter case the constitution of the sliding body, and 
of that on the surface of which it slides, is always assumed to be such that the surfaces in 
contact are not affected by the sliding movement, and then we have the experimental 
law that the friction is independent of the velocity. Consequently the motion is an 
accelerated one. But the condition just mentioned, respecting the surfaces in contact, 
will not be satisfied in the case of a glacier, assuming what I shall prove shortly, that its 
lower surface must necessarily have a temperature not lower than that of freezing, and 
must consequently be always on the point of disintegration by thawing. Ice then 
becomes very tender, and the cohesion of its particles at its lower surface becomes 
insufficient to prevent the descent of a mass of such an enormous weight as that of a 
glacier, even along planes of the smallest inclination. This was clearly illustrated by a 
simple experiment which I made some years ago, which also fully explained the unacce- 
lerated motion of a sliding glacier. The details of this experiment will be found in the 
Cambridge Transactions for 1844*. It constitutes so fundamental a step in this subject, 
according to my own views of it, that I would beg permission to give here a brief descrip- 
tion of it, and of the results to which it leads. 

* They will also be found in the Philosophical Magazine for January 1846 . 
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8. A mass of ice was placed on a flat rough slab of sandstone, so arranged that it 
could easily be placed at any proposed inclination to the hqrizon. When the inclina- 
tion was about 20°, the ice descended with an accelerated motion as in ordinary cases, 
but at smaller inclinations it descended with a slow uniform motion , which, for indinar 
tions not exceeding 9° or 10°, was, cceteris paribus , proportional to the inclination. 
The velocity was increased by an increased weight of the mass, the area in contact with 
the plane remaining the same. The motion was due to the melting of the ice in contact 
with the slab, for when the temperature of the air became below that of freezing, it 
entirely ceased. 

The motion was sensible for inclinations little exceeding half a degree, and, doubtless, 
would also have been so for smaller inclinations. This shows how small a force was 
required to move the mass when its lower surface was in a state of disintegration. Let 
f be a retarding force applied to a mass whose weight =W, placed on a plane whose 
inclination is /. Then will W sin i—fbe the moving force along the plane; and since 
the mass will require only the smallest force to move it, a force f very nearly equal to 
W sin / will be necessary to hold the mass at rest. If f be removed, the ice will begin 
to move with a moving force nearly = W sin i, the motion being permitted by the lique- 
faction of successive indefinitely thin layers of ice, but then it will be retarded by the 
solid mass coming in contact with the surface on which it slides. A melting of another 
indefinitely thin layer will then take place, and the above process will be repeated, the 
velocity increasing till the continuous action of the plane on the mass becomes equal to 
the weight resolved in the direction of the plane. During this time (probably too short 
to be estimated) the motion will be an accelerated one, but will thenceforward become 
uniform, the action of the plane becoming equal to the resolved part of the weight along 
it. The uniform velocity is, in fact, a terminal velocity, similar to that of a stone 
descending in water, when it soon approximates to a nearly uniform motion. The 
action of the inclined plane on the moving mass, like that of the resistance of the water 
on the stone, has this property — that, while it is incapable of exerting any but the 
smallest force to hold the body absolutely at rest, it exerts a retarding force upon it in 
uniform motion, equal to that of gravity. The objections above mentioned against the 
sliding of glaciers have arisen from an entire misconception of this- kind of mechanical 
action. 

9. At the period when the preceding experiment was published, I was disposed to 
think that the greater part of the observed motion of the surface of a glacier was due 
to the general motion, by sliding, of the whole mass, while it was contended by other 
glacialists that it was principally due to an excess of the velocity of the upper strata 
of the mass over that of its lower strata, due to a gradual change of form of the whole 
mass, and that there might in fact be no sliding movement at all. In recognizing that 
both these causes might be veras causae *, I urged the necessity of deciding on their relative 
claims by actual observations, which should determine the velocities of the upper and 
lower surfaces of a glacier at some point where the lower one was accessible. Observa- 

* Philosophical Magazine and Journal for February 1846. 
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tions for this purpose were made by Principal Forbes in 1846, at the bottom of the 
Glacier des Bois at Chamouni. He found that the velocity of a point on the surface, 
at the height of 143 feet above the bed of the glacier, was to that of a point 8 feet above 
the bed, in the ratio of nearly 16:10*, whence it follows that, if we divide the whole 
velocity of the surface into eight parts, five of them will be due to the motion of the 
bottom of the glacier, and three to that change of form of the mass by virtue of which 
its higher move faster than its lower portions. Dr. Tyndall has also made similar 
observations on the flank of the Mer de Glace f, from which it appears that the motion 
of the upper was there rather more than twice that of the lower surface. These obser- 
vations may or may not determine approximately the average ratio between the velo- 
cities of the upper and lower surfaces of a glacier; but they leave no doubt as to the 
fact of the sliding movement. Again, it is observed that existing glacial valleys, and 
those which are believed to have been such in former times, always indicate, by their 
smoothed and striated rocks, the sliding movements of the glaciers they formerly con- 
tained. In fact, few glacialists at present, I imagine, will doubt the existence of this 
sliding motion, or that it forms a considerable portion of the whole motion of a glacier ; 
and I believe that the experiments above described afford an adequate explanation of 
the cause and character of that motion. I insist on this more particularly because the 
explanation has been singularly ignored and misunderstood. The non-applicability of 
the experiments has been asserted, because the sliding mass was not obstructed in its 
motion by lateral obstacles, like a glacier, whereas, in fact, they had no concern with 
lateral obstacles, being merely intended to explain the action of the bed of the valley 
on the superincumbent glacier. The irregularity of the sides introduces, as we shall see 
very shortly, no difficulty or ambiguity into my views of the subject. I may also state 
that, several years after my experiments and his own observation above stated were pub- 
lished, Principal Forbes repeats his objection of the difficulty of conceiving the possibi- 
lity of the motion of sliding glaciers being unaccelerated, whereas every one now acknow- 
ledges that they do slide, and knows that their motion is unaccelerated J. M. Agassiz, 
on the contrary, after repeating the experiments, allows that the results remove the 
great difficulties of admitting the sliding motion of glaciers §. This kind of motion, as 
we have seen, depends very much on the temperature of the lower surface of the glacier 
being always equal to the freezing-temperature. That such must always be the case I 
proceed to show. All observations indicate that it is so; but still, since few direct 
observations can be made on this point, it may be well to show tha| it follows from 
the temperature of the earth, and the nature and conductivity of ice, that the tempera- 
ture of the lower surface of a glacier must be that above mentioned. 

* Occasional Papers, p. 175. t Glaciers of the Alps, p. 289. 

t “ The main objection, however, is this, that a sliding motion of the kind supposed, if it commenoe must 
be accelerated by gravity, and the glacier must slide from its bed in an avalanche. The small slope of most 
glacier-valleys, and the extreme irregularity of their bounding walls, are also great objections to the hypo- 
thesis.” — Occasional Papers ; also published in 1855 in the * Encyclopaedia Britannica.’ 

§ Syst&me Glaciaire, p. 568. 
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10. Interior Temperature of Glaciers.-— There are two obvious causes by which the 
temperature in the interior of a glacier may be affected — (1) conduction of heat from 
the superficies of the mass according to the ordinary laws of conduction through solid 
bodies, and (2) infiltration of water from the upper surface. We may consider sepa- 
rately the operation of these causes, with the view of determining whether the lower sur- 
face of the mass is permanently at the temperature of freezing, as it must be to render 
the preceding experiments strictly applicable to account for the continuous and unaccele- 
rated motion of the glacier. To investigate the effect of the first cause, let us conceive 
the whole surface of the earth covered with a superficial crust of ice. The temperature 
of this crust will be subject to periodical annual variations to a certain depth, which 
will depend on the annual variations of the superficial layer of the icy crust, and the 
conductivity of the ice. It may be considered, for our immediate purpose, sensibly 
the same as the temperature of the glacier itself, at all points where the glacier and 
our imaginary crust of ice coincide. Now the superficial changes of temperature in the 
crust of ice subject to conditions similar to those of a glacier, would be much less than 
those which the actual rocky crust of the earth experiences; for the temperature 
of the ice could never rise above 32° Fahr. in the hottest summer, nor in the coldest 
winter could it probably fall many degrees below that temperature, on account of the 
covering of snow like that which on all glaciers protects their outer surface against the 
effect of low winter temperature. Again, the depth through which these oscillations 
of temperature would be perceptible, would, cceteris paribus , be comparatively small if 
the conductive power of the mass should be so. I am not aware of any experimental 
determination of the value of this power for ice ; but that substance is known to be a 
very bad conductor, and probably worse than the average of the rocks which form 
the outer crust of the earth. For both these reasons, then, the depth of oscillatory 
annual temperature would be much smaller than it is found to be within the actual 
crust of the globe, under the same external climatal conditions. Now in the earth’s 
crust, and in our own latitudes, this depth may be approximately estimated at 70 
or 80 feet, according to the nature of the upper strata. I should therefore deem it 
probable that the variations of external temperature in a crust of ice like that above 
supposed, or therefore in an ordinary glacier, would not exceed at most perhaps some 
30 feet. 

Again, let us consider the probable mean annual superficial temperature of our hypo- 
thetical icy crust,, or of a glacier of ordinary dimensions. The actual temperature could 
never rise, as above remarked, above 32° Fahr., and would never sink many degrees 
below that temperature. M. Agassiz has left us the only reliable observations on this 
subject*. He buried a self-registering thermometer in the glacier of the Aar, at the 
depth of 2*1 metres. It was taken up two years afterwards, and was found to have 
registered a minimum temperature of — 2°T (C.) =28°*22 (Fahr.). Thus the mean 
temperature for the winter was probably not less than 30° (Fahr.), and that for the 

* Sygteme Glaciaire, p. 425. 
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whole year might perhaps not much fell short of 31°(Fahr.)*. If the conductive power of 
ice were equal to that of the earth’s crust, the mean temperature would increase l°(Fahr.) 
in descending some 60 or 70 feet ; and therefore, on account of the smaller conductivity 
of ice, it would probably, in the case of a glacier, rise to 32° (Fahr.) at a depth of some 
30 or 40 feet. This would hold, it should be observed, on the supposition that the sub- 
stance below this depth should be capable, like the matter of the earth’s crust, of taking 
any temperature higher than 32° (Fahr.). This higher temperature would be acquired, 
as in the actual case of the earth, by the flow of heat from the earth’s interior. But in 
the case of a glacier this heat will be expended in melting the lower stratum of ice instead 
of communicating a higher temperature to the whole mass. Consequently, if the thick- 
ness of the glacier exceed some 30 or 40 feet (a depth at which, as above shown, the tem- 
perature will be invariable), the temperature of the lower surface will be constant and 
equal to 32° (Fahr.). 

The temperature at any proposed point (P) of the interior of a glacier, at a depth 
greater than that estimated above at some 30 or 40 feet, will always be constant and 
less than 32° (Fahr,), provided the mean annual temperature of the external surface of 
the glacier be so. To find this constant temperature at P, take for the temperature of 
the upper surface its mean annual temperature. Let it =T° (Fahr.). Also let #= thick- 
ness of the glacier, distance, from the upper surface, of the proposed point, and t its 
required temperature. Then shall we have, according to the laws of conduction of heat, 

/— T° 

32° — T° a 

the difference of temperatures, as is well known, being approximately proportional to 
the distances from the upper surface. Hence 

£=T°+^ (32°— T°), 

which shows that t must always be greater than T° ; it must also be less than 32° (Fahr.), 
and must therefore lie between those quantities. Consequently, since 32° — T° is small 
for the Alpine glaciers, their internal temperature must be nearly uniform, but always 
a little below 32° (Fahr.), supposing it to depend only on the process of conduction. 

But the process of infiltration will tend to raise the internal temperature more nearly 
to 32° Fahr. ; for since the infiltrated water will have that temperature, it will constantly 
tend to heighten the temperature of the mass through which it passes till it rise to 
32° (Fahr.), and never to lower it. This water must thus bring to the glacier (a mass 
of lower temperature than itself) a continual accession of heat, which it can only lose 
again by conduction through the upper surface during the winter ; and this loss will be 
restricted to that small depth beyond which the annual variations of temperature cannot 
extend. For all points at greater depth infiltration must ultimately raise the tempera- 
ture to 32° (Fahr.). 

* M. Agassiz states that the temperature given by his experiment might possibly be somewhat too high. 
There is no probability, however, that the error would be sufficient to affect the reasoning in the text. 

5 B 2 



688 


ME. HOPKINS ON THE THEORY OF THE MOTION OF GLACIERS. 


Hence, then, considering the combined operation of conduction and infiltration, it 
appears that, to the depth of perhaps 30 feet, the interior temperature of a glaciep 
will be 32° (Fahr.) during the summer portion of the year, but will be rather lower than 
32° (Fahr.) during the winter. For all deeper parts of the glacier it will be invariably 
equal to 32° (Fahr.). 

These results are in exact accordance with the careful observations made by M. Agassiz, 
which have already been partially referred to. Besides the winter observations above 
mentioned, he also observed the temperatures in the month of July, at depths of from 
3 to 5 metres, at 30, and at 60 metres. These temperatures were all exactly 32° (Fahr.) 
during the fortnight they were observed, with the exception of one or two very small 
and manifestly accidental variations in the more superficial observations. 

11. It follows from the preceding articles that the temperature at the lower surface 
must always be the freezing-temperature, i. e. the ice there must be in that state in 
which the mutual cohesion of its constituent particles is less than in any other state. It 
does not follow that the glacier would not slide if the temperature of its lower surface 
were less than 32° (Fahr.) ; but that temperature is the most favourable for the motion 
of the glacier, because the most favourable to the disintegration of its lower surface, and 
the immediate conversion of the ice which forms it into water. It should be remem- 
bered, too, that it was one of the results of my experiment, that, cceteris paribus , the 
motion was increased by increasing the weight of the mass; i. e., the cohesive power of 
the ice at the bottom of the glacier will be the more rapidly overcome by increasing 
the depth of the mass, the area of its base being unchanged. Consequently the tendency 
of a glacier to descend down its bed would be indefinitely greater, cceteris paribus, than 
that of our experimental lump of ice down its plane. It is this enormously increased 
tendency that enables the mass of a glacier to overcome the resistance arising from the 
inequalities of the sides and bottom of its valley. We shall explain in the sequel the 
prodigious force which may thus be exerted, and the corresponding internal tensions 
which would thus be produced by it. These tensions overcome the cohesion of the 
mass, the ice breaks, and the glacier obtains more freedom of motion than it could have 
in its state of greater compactness and continuity. The tendency to the sliding motion we 
are considering will manifestly be greater in the axial than in the marginal parts of the 
mass. It is there, especially, that the depth must be the greatest, and the distance from 
opposing lateral objects is likewise greatest ; and, it may be added, the subglacial cur- 
rents, by which the sliding will undoubtedly be more or less facilitated, will be generally 
greatest along the central parts of the valley. 

Hence, then, it follows that, so far as the motion of a glacier depends on the sliding we 
have been considering, the velocity of its axial portions will generally be considerably 
greater than that of its marginal portions. This constitutes the most distinctive and 
important character of the observed motion of a glacier. 

Still, though the sliding motion was perfectly consistent with this observed general 
character of glacial motion, it was not sufficient to account for several striking pheno- 
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mena attendant upon it. The formation of crevasses was a necessary consequence of the 
forces acting on the glacier, and the conditions to which it was subjected ; but no reason 
was thus assigned why such crevasses should be obliterated again, as they were frequently 
observed to be, and the continuity of the mass perfectly restored. Moreover, it became 
evident from more accurate and detailed observation, that the continuity of many parts 
of the general mass was preserved in a degree apparently inconsistent with the change 
of form to which a mass so crystalline and brittle as glacial ice did manifestly submit. 
It was to meet this difficulty that Principal Forbes was led to the hypothesis of the 
viscosity or plasticity of glacial ice. I have already explained my objection to the vague- 
ness with which these terms appear to me to have been used, and to the total want 
of all experimental proof of any property in ice which could be so designated with accu- 
racy, or with a due regard to the propriety of scientific language. Difficulties of this 
kind always remained on the minds of certain glacialists, till the experiments of 
Mr. Faraday and Dr. Tyndall at once explained to us that regelation , and not viscosity, 
was the real property of ice required for the completion of our general theory of glacial 
motion. This property of regelation belongs essentially to solid bodies, and in treating 
glacial masses as bodies possessing the property of regelation, we must necessarily treat 
them as solid. As such I consider them in the following investigations, the object of 
which is to ascertain, as far as we are able, the internal pressures and tensions to which 
glaciers are subjected, and the phenomena which niay result from them, more especially 
those connected with the veined structure of glacial icc, and the formation of cre- 
vasses. 

12. Before I proceed to these investigations, I would here remark that the import- 
ance of a distinct conception of the properties indicated by the terms viscosity or plasti- 
city on the one hand, and solidity on the other, will be at once apparent if we consider 
the difference between the mechanical problems presented to us in the motion of glaciers, 
according as we conceive them to be typified by a viscous or solid mass. In the first 
case we have to determine the continuous motion of a mass the component particles of 
which move with different velocities, but without destroying its continuity. The most 
simple, and the limiting case, would be that in which the tangential action of conti- 
guous particles on each other should vanish. The mass would then become a fluid mass. 
But even in this case we can do little by accurate mathematical investigation, and still 
less in the case in which the mass is viscous. Consequently, the objection against any 
attempt at a mathematical solution of the problem of glacial motion, founded on our igno- 
rance of the motions of viscous masses, is perfectly valid, so long as we treat glacial ice 
as viscous according to our definition of that term. But this same objection has been 
urged against all attempts to apply accurate mathematical processes to the problem, in its 
complete or partial solution, under the supposition of ice having the property of solidity. 
The complete solution of the problem would undoubtedly be far more difficult for a 
solid than for a viscous mass ; for it would involve conditions depending on innumerable 
discontinuities in the mass, resulting from its motion. All that can be attempted is a 
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partial solution of the problem, in which the dynamical difficulties are evaded. It has 
been already explained that when a solid body is acted on by external forces, it generally 
becomes distorted in form and changed in volume. If the forces be insufficient to over- 
come the cohesion of the mass and to dislocate it, they will of course continue to main- 
tain the body in its state of constraint and distortion, and thus to produce, at different 
points of its interior, pressures and tensions varying both in direction and intensity. 
The immediate object of the first part of the investigations contained in the following 
pages, is the proof of certain propositions respecting these internal pressures and ten- 
sions, and the phenomena resulting from them. The problem thus considered is not a 
dynamical, but a statical one, in which certain results are attainable with the same accu- 
racy as in the simplest mechanical problems ; and such are the only results with which 
we are directly concerned in our present researches. If the distorting forces be suffi- 
ciently increased, the mass will be tom or crushed, as already stated, and will then 
move according to the new conditions imposed upon it in its state of dislocation. This 
constitutes the dynamical part of the problem, but, it must be recollected, it does not 
enter at all into the mathematical part of our own investigations. I have thought it 
necessary to point out this distinction, lest any vague objection resting on an imperfect 
or erroneous conception of the problem before us should exercise an undue influence on 
the mind of the reader. 

Section III . — On the Pressures and Tensions at any 'point of a Solid Mass held in a 

position of constraint by external forces. 

13. We may now proceed to the consideration of the general problem, the object of 
which is to investigate the nature of the internal pressures and tensions at any proposed 
point of a solid mass subjected to the action of impressed forces which slightly distort 
it from the form it would assume when acted on by no external forces at all. It will be 
recollected that these forces are supposed insufficient to destroy the continuity of the 
mass. They maintain it in its distorted form, and must therefore be in equilibrium with 
the internal forces arising from the cohesive power of the mass. 

To explain the nature of the distortion produced in any small element of the mass, 
let us denote by s the area of an indefinitely small plane surface passing through any 
point (P). Generally there will be an action between the particles (M) on one side of 
our small plane, and those (M 7 ) on the opposite side. Since s is indefinitely small, we 
may represent by /the whole action of M on M', and suppose its direction to make an 
angle i with the normal to the plane s. Then will 

f cos & andy sin & 

be the normal and tangential actions respectively of M on M r ; and 

—f cos & and —f sin & 

will be the corresponding actions of M' on M. If the normal force be a pressure, it will 
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only tend to preserve the particles on opposite sides of a in contact, but if it be a tension , 
i$ will tend to separate those particles by motions parallel to the normal. Also the 
tangential forces /sin & and —f sin 5 will always tend to separate two particles on oppo- 
site sides of a and in contact, by making them move in opposite directions parallel to 
the plane. If we conceive s to revolve about P as a fixed point, and thus to assume all 
possible angular positions, the forces feds i and/ 1 sin & will vary with the angular posi- 
tion of the plane, in certain positions of which they will assume their maximum and 
minimum values. The determination of these positions is one immediate object of the 
problem, with the view of determining the effect of the distorting forces on the form of 
each element of the mass, and thence, if the problem were completely soluble, the dis- 
tortion of the whole mass. But before proceeding further, we may explain more 
explicitly what will be the kind of distortion to which every element of any solid body 
will be subjected under the action of distorting forces. Let us take a small rectangular 
parallelopiped as the element of the body while unconstrained by such forces. The 
* normal forces acting on opposite sides of the element will manifestly form three pairs of 
equal* and opposite forces, each force of each pair acting in a direction opposite to the 
other force of that same pair, and thus producing compression or extension of the 
element according to the directions in which they act. Again, it is manifest, from what 
has been said respecting the small plane s, that the tangential force on any one side of 
the elementary parallelopiped will be equal to that on the opposite side, but will act in 
the opposite direction, thus tending to twist the element from its original rectangular 
form into an oblique-angled parallelopiped. Hence the primitive undistorted element 
will be compressed or extended according to circumstances, and will always (unless the 
forces acting on it be entirely normal) be twisted so as to destroy its rectangularity. In 
the final application of the results obtained from this our typical problem, we shall have 
to deduce the manner in which the continuity of the glacial mass will be destroyed 
when the power of resistance of the ice is no longer sufficient to equilibrate the distort- 
ing forces acting on it, and also to consider the phenomena which may result from such 
breach of continuity. 

With respect to the solution of our abstract problem, I have little to add to that 
which I gave in the Transactions of the Cambridge Philosophical Society for the year 
1847, and I might be content merely to refer to that solution for the results. In doing 
so, however, it would be necessary to give a somewhat complicated notation, and certain 
explanations in such detail that the space thus occupied would not differ materially from 
that required for the mathematical analysis of the first part of the general problem. By 
giving this analysis here, considerable trouble of reference will be avoided. I would 
request permission, therefore, to repeat a part of what appeared in the Transactions 
above referred to. The quotation includes the following articles, from the 14th to the 
17th inclusive: — 

* Omitting small quantities of a certain order, which it is not necessary in this general explanation to 
take into account. 
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14. M Taking any point (P) of the mass, let it be made the origin of coordinates xyz. 
Let the small plane s be conceived as above to pass through P, and let the forces upon 
it when in the positions specified below be denoted as follows, all being referred to a unit 
of surface. 

“ (1) When a perpendicular to the plane coincides with the axis of #, let 
The normal force = A ; the tangential force =|j^ P 818 ^ *° 

“ (2) When a perpendicular to the plane coincides with the axis of y, let 
The normal force =B ; the tangential force = P ara ^ e * *» 

“ (3) WTien a perpendicular to the plane coincides with the axis of z, let 
The normal force = C; the tangential force = P ara ^ e * to ** 

“ Between the six accented quantities there are three essential relations, which are 
easily found. On the three coordinate axes at P, construct an indefinitely small paral- 
lelopiped whose edges are &r, ty, Iz. The six equations of equilibrium of this element 
will express the conditions that the sums of all the resolved parts of the forces parallel 
to the coordinate axes shall respectively be equal to zero ; and that the moments of the 
forces with reference to these axes shall also severally be equal to zero. Let us take 
the three latter conditions, lines through the centre of gravity of the element and parallel 
to the coordinate axes being taken for the axes of the component couples. The tangen- 
tial force parallel to the axis of x on the side lx.lz being A', that on the opposite side 

will be — ; and the couple resulting from these forces about the axis 

parallel to z, will be 

1 « A • V M 


A'lxlz . (A'+ 


or, omitting small terms of the fourth order, 

AUxhfiz. 

“ Similarly, the couple arising from the forces B' and B'+-^- bx about the same axis 
parallel to z, will be 

— B'&riy&z. 

“ Also the moments of the normal forces A, B, C, with reference to the above-mentioned 
axes, will be zero, always omitting small quantities of the fourth order. Consequently 
the whole moment of the forces on the parallelopiped with reference to the «x;ia parallel 
to that of z, will be 

(A'— B')&%&z, 

which must s= zero by the conditions of equilibrium ; and therefore 

A'=B'. 
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In exactly the same way we find, by taking the moments with reference to the axes 
parallel respectively to those of y and x, 

A"=C', 

B"=C". 

By means of these three relations the six accented quantities are reduced to three inde- 
pendent quantities. 

15. “ Let us now conceive a plane to meet the three coordinate planes so as to form 
with them a tetrahedron, whose vertex is at the origin P. Suppose the exterior normals 
to the three faces formed by the coordinate planes to point respectively towards the 
positive directions of x, y, and z ; and let a, /3, y be the angles which* the normal to 
the base of the tetrahedron makes with the coordinate axes of x , y, z. Also, let s denote 
the area of the base, and s', s", s'" the areas of the sides of the tetrahedron perpendicular 
respectively to the axes of x, y, z, all these quantities being indefinitely small. 

“ Again, let^s denote the whole resultant force on s, and let X, /x, v be the angles 
which its direction makes with lines parallel to the axes x, y, z, this direction being 
exterior to the tetrahedron. Then in order that the tetrahedron may be in equilibrium, 
we must have 

ps . cos X = As' -f A's" + A "s'", 

ps. cos p=Bs" +BY + B"s'", 

ps . cos v = C s'" + CY -j- C"s" ; 
but 

s' s" s'" 

-= cos a, cos (3, — — cos y ; 

making these substitutions, and also putting 

B"=C"=D, 

A"=C' =E, 

A'=B'=F, 

we shall have 

J>.cos^=Acosa4"^ i, cosj 34-E cos y,l 

p . cos ft. — B cos /3 4- F cos a 4- D cos y, f («•)» 

p.C08i> =Ccosy4-Ecosa4-D co8 |3j 

formul® in which the notation agrees with that of M. Cauchy*. 

16. “ If & denote the angle between the direction of p and the normal to s, we shall 
have p. cos & for the whole normal force acting on the area s in a direction exterior to 
the tetrahedron, and p . sin & the whole tangential force acting on the same ar£a. Our 
first object will be to determine a, (3, and y, or the position of the base s of the tetra- 
hedron, so that the normal action upon it, p cos shall be a maximum- We shall 
afterwards have a similar investigation with reference to the tangential force p . sin 5. 

• Exercices de Math6i©atique8, vol. ii. p. 48. 

5 c 
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“ We have 

cos i s= cos X cos ct + cos f % cos j3-f cos v cos y, 
whence we immediately obtain 

p cos i=A cos'a+B cos*|3+C cos* y-f-2Dcos /3cos y+2E cos ct cos y+2F cos ct cos /3 ; (1.) 
and since 

cos* a -f cos*/3 + cos*y=l, (2.) 


we have (L being an arbitrary multiplier), 

(A+L) cos*a-J-(B+L) cos* /3-f-(C+L) cos* y+2D cos /3 cos y+2E cos ct cos y 

+2F cos a cos fi=max. 

Hence 

H(A+L) cosa+E cosy+F cos/3} sin a =0,1 


{(B+L) COS /3+D cosy+F cos a) sin/3=0, 


{(C+L)cosy+Dcos/3+Ecosa} siny=0. 


(b.) 


“ To satisfy these equations together with (2.), we must equate the first brackets to 
zero. We thus have four equations from which L may be eliminated, and ct, (3, and y 
determined. 

“ If we multiply the first factors on the left-hand sides of equations (b.) by cos ct, 
cos /3, cos y respectively, and add them together, we have, by virtue of equations (a.), 

L= —p cos l ; 

an<J substituting for L in equations (b.), we have 

p cos i cos a= A cos a-f-F cos /3+E cos y 
—p cos X 

by the first of equations {a.) ; and therefore 

cos & cosa= cosX, 

and similarly 

cos& cos/3= cos (jt>, 
cos i cos y= cos v, 

whence 

cos*&=l 

i=0, 

which shows that when the resultant force p is a maximum or minimum, its direction 
coincides with that of the normal to the plane s. Consequently, also, the tangential 
force, p sin fc, then becomes = zero. 

“ This value of l gives L= —p ; and substituting for L in equations (b.), we have 
• (A— p) cos «+F cos /3+E cos y=0, 

Fcosa-f (B— ^))cos/3-f-D cosy=0, * (c.) 

E cos a+D cos (3-f-(C —p) cos y=0 ; 

and eliminating cos #, cos /3, and cos y by cross multiplication, we obtain 

(A-J>XB-J>XC-i>)-D’(A-j,)_E*(B-|))-P(C-^)+2DEF=0. . . (8.) 
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“ If we take the three values of p deducible from this equation, and substitute them 
successively in equations (<?.), those equations combined *with (2.) will give three distinct 
systems of values for cos a, cos (3, and cos y, belonging (as is well known) to three lines 
perpendicular to each other. . • 

17. “ Hence it follows that there is at every point (P) of a continuous solid mass 
under extension or compression, a system of three rectangular axes, such that if the small 
plane s at P be so placed that its normal shall coincide with one of those axes, the whole 
resultant action on s shall be normal to it, the tangential action upon it being then equal 
to zero. These three axes are called the axes of principal pressure or tension with refer- 
ence to the point P. 

“ Of the three values of p in these directions, though they all satisfy the conditions of 
maximum or minimum, one is a maximum, another a minimum, and the third is neither 
an absolute maximum nor an absolute minimum. This is best explained, perhaps, by 
converting equation (1.), as Cauchy has done, into an equation to a surface of the second 
order, by putting 

pcosSss^, rcosu=x, r cosj3=y, rcosy=z. 


The inverse of the square of any radius vector will be a measure of the normal action 


through P perpendicular to this radius vector, the axes of this surface of the second 
order coinciding with the axes of principal tension or pressure. Of the three principal 
axes of this surface, the directions of the greatest and least will manifestly coincide with 
those of minimum and maximum tension ; but though the tension in the direction of the 


mean axis of the above surface satisfies the two conditions ^•^ co8 ^ _q an( j — *=0, 


it satisfies the one because it is maximum with respect to a, and a minimum with respect 
to /3, or the converse, as the mean axis of an ellipsoid is a maximum in one principal 
section of the surface, and a minimum in the other.” * 


18. The object of the second part of this investigation* is to determine the angular 
positions of the small plane (s) passing through P, so that the tangential force acting 
upon it shall be greatest, i. e. that p sin £ may be a maximum. Our formulse will be 
much simplified by taking the axes of principal tension or pressure as the coordinate 
axes. In this case we shall have 


D=0, E=0, F=0 ; 

and if A„ B„ C, now represent the principal tensions at the proposed point, and «„ j3„ y, 
be the values of «, /3, y referred to these new axes, equations ( a .) will give 

C 08 *a 1 +BJ cos*/3,+Ct cos*y„ 

and equation (1.) gives 

p . cos^A^os^+BjCOs’ft-J-CjCo^y,. 


* A solution of the problem above investigated was also given by M. Cauchy, in his ‘ Exercioes de 
Mathdmatiques * (vol. ii. p. 48). The solution of the problem in this second part of the investigation has 
only been given, I believe, by myself. 


5 C 2 
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Hence we have (if ^sinia*T) 

T*=p*sin*i=AJcds*a l *4-Bf < cos*/3,-f-CJcos*y I -- (A, cos*a,+B, cos , j3,+C, cos* y,)*, < 
which is to ba a maximum subject to the condition 

cos* «, + cos* /3, + cos* y, s= 1 . 

The solution of this problem is longer and more complicated than that of the problem 
solved in the first part of the investigation. It will here be sufficient for my purpose 
to state the results, and, for the analytical solution, to refer the reader to the volume of 
the Cambridge Transactions above quoted. The results are as follows : — 

a„ /3„ and y, being the angles which define the position of the small plane s (art. 13), 
the analytical conditions for the tangential force (T, or p sin S) upon it being a maxi- 
mum or minimum, are satisfied by the following three systems of contemporaneous 

values : — 0 © 

(1) a, =90, P, = y, = ±45, 

(2) /3, = 90, 7i = a, = ±45, 

(3) y, = 90, «i=/3, = + 45 jj 

and if T„ T„ and T, be the values of T corresponding respectively to these systems of 
values of a„ (3„ and y„ we have 

T?=KB 1 -C 1 )*, T*=i(A,— C,)*, T^A.-B,)*. 


(d.) 


If A„ B„ C, be taken, as they always may be, in order of magnitude, T, will mani- 
festly be the greatest of these values of T. It is in fact, as shown in the memoir 
referred to, the only value which satisfies all the conditions of a maximum. The corre- 
sponding values of a„ /3„ and y„ which determine the corresponding position of the 
plane s , are those given by the second system of (d.). Now /3, is’ the angle between the 
normal to s and the axis of y ; and since it is here = 90°, the normal to s must lie in 
the plane of xz, and the plane s itself must pass through the axis of y. Moreover, 
since the corresponding values of a, and y, are each ±45°, this plane may have two 
positions, in both of which it bisects the angle between the coordinate planes of xy and 
yz, these positions being on opposite sides of the plane of yz. These considerations, 
however, only determine the position of the plane in which the maximum tangential 
force (T s ) acts ; they do not determine the linear direction of the force in that plane. 
It is easily shown that it is perpendicular to the axis of y *. Since we have here D=0, 
E=0, and F=0 (art. 15), we have from equations (a.), 

p cos X = A, cos 
pco sffr=;BiC08/3„ 
p cos* =C, cos y„ 

p being the whole resultant force on the small plane 8, referred to a unit of surface, and 
• No proof of this is given in my memoir above referred to in the Cambridge Transactions. 
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X, [*1 9 being the angles which its direction makes with our ^present coordinate axes of 
a?, y, z respectively. Hence 

p * = AJ cos* «, +BJ cos* /3, -f-C, cos* y„ 

A, cos 

cos 4/ A* cos* + B* cos* /8j + C* cos* 7, * 

B| cos /3 t 

COS fM ^ cos 8 ^ _j_ JJS cos 8 ^ 4. C* COS* 7, * 

C, cos y, 

COS V mu iiiswi — ' ■■ — - — — - ; — — 

-/A* cos* «! + B* cos* /3j -f CJ cos* y, 

But (3, =90° in the case before us, and therefore p must =90°, i. e. the direction of 
the whole resultant force (p) on the small plane s must be perpendicular to the axis of 
y, and must lie in the plane of xz. Thus, the 
plane of the paper representing that of xz (fig. 1), 
the direction Op in that plane may represent the 
direction of p ; and if Om bisect the angle be- 
tween the coordinate axes x and z , that line will 
be the trace of a plane on xz coinciding with the 
plane of s, and therefore perpendicular to that of 
xz. Consequently, if we resolve the whole force 
p normally and tangentially with reference to the 
plane a, the tangential part will evidently coin- 
cide with Om. But, from the particular values 
of «„ /3„ and y„ this tangential force must neces- 
sarily be the maximum tangential force T a . Con- 
sequently, if we call the axis of y the axis of mean principal tension or pressure , the 
direction of the maximum tangential force (T a ) will be perpendicular to this mean axis, 
and will bisect the aijgle between the other two axes of principal tension. 

19. Hence, in our first problem, the equations (2.) and (c.) determine a, j3, y, and p. 
The cubic for findings, which is deduced from them, shows that there are three values 
of that quantity, the three principal tensions, whose directions are defined by corre- 
sponding values of «, /3, and y, and which are at right angles to each other. These 
quantities being known, the value of T a , the maximum tangential force at the proposed 
point, and the direction in which it acts, are immediately determinable from the results 
of the second part of the problem as given above. To do this we must first determine 
the three systems of values of a, /3, and y which have been denoted by a„ /3„ and y„ and 
which determine the positions of the axes of principal tension ; and also the values of 
the three principal tensions which have been above denoted by A„ B„ and C,. For the 
greater simplicity we then take these axes of principal tension for those of x, y, and z. 
If A„ B„ and C, be in order of algebraical magnitude, the axis of y will be the mean 
axis. If A, be a pressure and therefore negative, the proper order will be B„ C t , — >A l5 


Fig. 1. 
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and the axtaof z will become the mean axis. Other cases must be treated in a siipilar 
manner, always preserving the order of algebraical magnitudes for determining the 
mean axis. The line of greatest tangential action is always perpendicular to it, and 
bisects the angle between the other two axes of maximum and minimum tension. In 
determining the magnitude T„, we must take the same precaution, in arranging the 
principal pressures in their proper order of magnitude, to determine which are alge- 
braically the greatest and least. Thus in the above case, where the order is B„ C„ — A„ 
we have T 9 =^(B 1 +A,). We may remark that the sign of T, is of no importance in any 
application we are contemplating of these formulae. 

20. Solution to a First Approximation . — The complete solution of the preceding equa- 
tions cannot be generally obtained. For their practical application they must be solved 
by approximation, when the approximate solution may be sufficient. The most import- 
ant case is one in which the problem can be completely solved in consequence of its 
simplification arising from the particular conditions assumed. The case is that in which 
we suppose no forces to act at any point parallel to one of the coordinate axes, as that 
of z. In such case C=0. Also we assume the absence of any couple tending to twist a 
proposed element about the axis of x , or that of y, i. e. D=0, and E=0. Hence the 
equations ( c .) (art. 16) become 

(A—p) cos a+F cos 0=0, 

Fcosa-|-(B— p) cos (3=0, • (d.) 

( —p)c 08 7 = 0 ;, 

and the cubic for the determination ofp becomes 

+ {(A-p)(B-p)F'}p=0. 

This last equation gives for the value of p, 

i>=i(A+B± v '(A-B)-+4F}, 

p= 0. 


Or patting (A— B)’+4P=M , 1 

i>i=4{A+B+M}, ' 

i>i=4{A+B— M), (<?.) 

For the values p x and p a of p, the third of the above equations (d.) gives cosy=0 ; 
and the equation 

cos 9 a+cos* 0-j-COS* y=l 

gives 

cos0=sina; 

and eliminating p and 0 from the two first of equations (d.) t we obtain 


tan 2a= 


a^B* 
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This corresponds to two values of a differing by 90°. These two values of a, and y=90° 
(since cosyt=0), determine the two positions of the axes of the principal tensions jp, and 
p v They both lie in the plane of xy. 

Taking the third value of p—p 3 —b, the equations (o'.) are also satisfied by 


by which the equation 
is reduced to 


cosa=0, cos|3=0; 
cos 9 a + cos 9 /3 + cos 9 y = 1 
cos y= +1. 


These values of a, j3, and y correspond to the axis of z, showing that axis along which 
the pressure =0 to be the third axis of principal tension. 

21. In determining the magnitude and direction of T a , the greatest tangential action, 
we must bear in mind the remarks in art. 19. The quantities denoted in the preceding 
formulae by p„ p 3 , p 3 are the same as those denoted in art. 18 by A„ B„ C,. The former 
are here retained for greater distinctness. If A+B be > M, p 3 will be positive, and the 
order of the principal tensions will be p„ p 3 , p 3 . The axis of y will then be the mean 
axis, and the direction of the maximum tangential action, T a , will bisect the angle 
between the other principal axes of x and z. Also we shall have 

P*) | (f) 

=*{A+B+M}.J 


If, on the contrary, A+B be < M, p 3 will be negative, and the order of the principal 
tensions will be p x , p 3 , p 3 . The direction of T a will be perpendicular to the axis of z, 
bisecting the angle between the principal axes of x and y. Also we shall have 


These two cases hold when 


1 *,)^ 
=M. J 


respectively, or 


M<or> A+B 

(A-B) 9 +4P<or>(A+B) 9 ,| 
F<or>AB; J 


(</•) 


(*'.) 


or the second case may hold when A and B are both tensions, or both pressures, pro- 
vided one of them be small ; and it must necessarily hold when one is a pressure and 
the other a tension. 

22. Solution of the General Equations to a Second Approximation. — In proceeding to 
second approximation I include C and E, but regard their magnitudes as small. These 
magnitudes must be expressed by the ratios which they bear to some standard force. 
The greatest value which the tangential force F can attain in any glacier must be limited 
by the tangential cohesive power of glacial ice ; for if F exceeded this latter force, dislo- 
cation, by a tangential sliding of one element past another, would instantly ensue. Let 
this tangential cohesion be measured by F,; then, when it is said that C and E are small. 
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C E 

it is meant that the ratios jr and |r are small ratios. This is equivalent to the assuming 

that the force on any element parallel to the axis of z is small, and that the couple 
with reference to an axis parallel to that of y, is also small. The condition D==0 signi- 
fies, as in the first approximation, the absence of a couple on every element, with refer- 
ence to an axis parallel to that of x. 

Hence putting D=0 in our general cubic, we have 

(A — i>)(B — i>XC —p) — E*( B —<p) — F*(C — ji ) = 0, 
or 

«A-J>XB- *0— F*}(C-j>)=Efl(B- p). 

Putting C=0 and E=0, we have, as before, for the three first approximate values ofjp, 

ft =i{A+B-V'(A-B/+4F-}, 
i>.= c - 

To proceed to a second approximation, put 

P—V i+®. 

in the cubic, and we obtain 


(<*"•) 


or 


{(A— p t — ®,)(B — Pi — tsr,) — F 3 }(C— f),— tsr,)=(B— w,)E 9 , 

{(A—^,XB~ F a — (A— Px+B— Pl )a x +m]}(C— w,)E a . 

The first approximation gives 

(A-;>,XB-p,)-F>=0; 

and the preceding equation shows that ar, must be of the order E a . We may therefore 
neglect terms in ra l E a , and w?, and we then obtain 

— (A+B— 2j?,)(C— ^,)E S , 

and 

___ Pi-B E* . 

““A+B-2 Px p x - C’ 

or, since C is small, 

_ B E*/ C\ 

*' 2/>i — (A + B) * p\ 

and © 3 may be found in the same manner. 

23. Again, equations ( c .), art. 16, become, if D=0, 

( A -i>) cos a +F cos /3-f E cos y— 0, 

F cosa+(B— p) cos/3==0, 

E cos «-+-(C— p) cos y=0, 

The two last equations give 

C—p 

cos a= cos y, 

n F c-p 
CO8 0= B^ “E 008 y- 
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If we were to substitute these expressions in the first equation, we should obtain the 
cubic in p used in the immediately preceding articles for the approximate determination 
of its value. Substituting the values of cos a and cos (3 in the equation 

cos* « -j- cos* (3 + cos* y=l, 

we obtain 

or 

{(;>— C}’(l + ( “Byi) +E’| cos*y=E'. 

The retention of E* in the coefficient of cos* y would only produce a term in the expres- 
sion for cos* y of the order E 4 , and may therefore be neglected. Also, since p only dif- 
fers from its first approximate value, p t , by a small quantity of the order E*, we may, 
for the reason just assigned, write j?, for p in the last equation. Thus we have 

E 

cos y= H . 7 ==-— = — , 

and by substitution, 



These equations show that y is changed from a right angle to one whose difference from 
a right angle is of the order E, and therefore small ; while cos a. and cos j3 are changed 
by small quantities of the same order as the difference between p and p t , i. e. of the 
order E*. 

24. Nature of the Forces A, B, C, D, E, and F in the ordinary cases of Glaciers . — In 
the preceding investigations we have considered the forces A, B, C, D, E and E as 
acting on any element of a solid body. In the case of a glacier, this body assumes a 
specific form, and it becomes necessary to explain what forces are represented by the 
above symbols in this particular and restricted case. The phenomena with which we 
shall be here concerned, have been observed almost entirely in those regions of glaciers 
in which most large ones, like those of the Alps, become much elongated in consequence 
of the narrowness of the valleys down which they descend. The sides of these valleys 
frequently approximate to parallelism with each other. The primary general charac- 
teristics, of the motion of glaciers of this kind are ( 1 ) the motion is unaccelerated, 

( 2 ) the axial portions move with a greater velocity than the marginal portions, and 

(3) the superficial portions move somewhat faster than the lower portions of the mass. 
These points axe clearly established by observation, independently of any particular 
theory. In the following articles of this section their truth is assumed. 

mdccclxii. 5 d 



702 


MS. HOPKINS ON THE THEORY OF THE MOTION OF GLACIERS. 


25. Let fig. 2 represent the section of a glacier by a- plane parallel to its surface, and 
fig. 3 a vertical section through A x the axis of the glacier. Let Aar be taken as the 

Fig. 2. 



axis of ar, and the surface of the glacier (nearly horizontal) as. the plane of ary, a trans- 
verse line perpendicular to A ar being the axis of y, and a perpendicular to the surface 
of the glacier the axis of z. Let Q' It' (fig. 2) represent a section, by a plane parallel to 
that of ay, of an element of the mass lying between two planes perpendicular to the axis 
of ar ; Q' R', by the more rapid motion of the axial parts of the mass, will be brought into 
the position Q R. Also if Q' R' (fig. 3) represent a section of the same element by a 
vertical plane parallel to that of xz, Q! R' will be brought into the position Q R by the 
more rapid motion of the upper surface of the mass. Also the small elementary paral- 
lelopiped whose section parallel to (ay) is represented by P' q' r' s' in fig. 2, will be brought 
into the position P qrs, while the section P'y W (fig. 3) of the same element made by a 


Fig. 3. 



plane parallel to (xz) will be brought to the position P qrs. Thus we see that there 
will be an angular distortion of P g r s about an axis parallel to z, as represented in fig. 2, 
and a similar distortion about an axis parallel to y, as represented in fig. 3. These 
angular distortions are respectively due to the couples whose intensities are represented 
by F and E (art. 15). Also it is easily seen that there will be no twisting or angular 
distortion of P q r s about an axis parallel to that of x, and that consequently D will =0 
in all such glaciers as we are now considering. A becomes a longitudinal tension, and 
B a transversal one. C will be the pressure on the element parallel to z, and due to the 
superincumbent weight, and the inclination of the surface of the glacier to the horizon. 

26. The intensity of A and B will depend much on the form of the glacial valley. If 
the sides be parallel, A may be a tension .or pressure according to the local variations in 
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the form of the bed of the valley; B will be small. If the sides be convergent in descend- 
ing the valley, A will almost necessarily be a pressure, on account of the resistance 
which the sides will oppose, by their convergency, to the onward progress of the glacier. 
B will become a great pressure, greater than A, to which it will bear somewhat the 
same relation as the pressure on the side of a wedge bears to that applied to its back. If 
the valley be divergent, and if when it becomes so, its inclination is very much dimi- 
nished (as at the lower end of the Rhone glacier) A may become an enormous pressure, 
while B may become a tension on account of the lateral expansion which will be given 
to the mass by the great pressure a ter go. C will be best considered in conjunction with 
E. D, as above stated, will always =0. F will have different values for different points 
in the same vertical transverse section of the glacier. It will manifestly be greatest in 
the marginal portions, where the angular distortion represented in fig. 2 is greatest ; in 
the central portions, the motion of the glacier will produce very little of this angular 
distortion about an axis parallel to that of z , and F will be proportionally small. 

27. The forces C and E are more de- v , 

l 1 lg. 

pendent on each other than A, B, and F. — « 


I proceed to investigate expressions for N 
them. For this purpose let fig. 4 repre- 
sent a vertical section of the glacier paral- 
lel to (xz) and not too remote from its 
axis ; then will F, as above stated, be very 
small, and may be neglected. Also D=0, 
and Bacts perpendicular to the planers), 
and will therefore not affect the relations 



between the forces acting parallel to that plane. 

Let x, y, z be the coordinates of the point Q. We shall have NM=#, the distance 
of the plane NMQ from that of xz=y , and MQ=z. We might obtain the results 
required by considering the conditions of equilibrium of the element bxhybz, represented 
by Q q r S ; but it will be more convenient to take an clement represented by M Q q m, of 
which the volume will be zbxly. I suppose here the existence of a longitudinal pressure 
parallel to the axis of x, and represented in our general formula) by A. If we draw a 
plane through M Q perpendicular to the axis of x, A may represent the intensity of the 
longitudinal pressure at any point on that plane, referred to a unit of surface. For 
different points in this plane x will be constant, and the pressure may vary generally 
with y and z ; but it will answer our immediate purpose, and much simplify our pro- 
blem, if we suppose A constant for every point in M Q, or independent of y and z. It 
will then vary only in passing from any plane M Q to a consecutive and parallel plane, 
i. e. A will be a function x alone. Hence we shall have « 


Pressure on one of the sides of the element M g perpendicular to the plane of yz=z A. zty. 
Pressure on the opposite side = — ^ A + ^ zly. 

6 D 2 



704 MB. HOPKINS ON THE THEOBY OF THE MOTION OF GLACIERS. 


The algebraical sum of these pressures, estimated in the positive direction of x, 

* Again, if W be the weight of a unit of volume of ice, 

Weight of the element 
and its resolved part parallel to the axis of x 

=Wzta%sin/. 

Also we shall have the tangential force on the base Qj, 

= — E&a%, 

parallel to the axis of x. 

Hence we must have for a condition of equilibrium of the element 


and 


— E=°, 

E=(-£+W»in ,)s. 


It would seem probable that A will generally vary slowly with y ; it may vary more 
rapidly with z , especially in cases where it becomes large, as at the bottom of an ice- 
fall. In such case we shall have 

'*d A 


-rs* 


where £ is taken parallel to z. In the position just mentioned (the foot of an ice-fall) 

rfA 

the variation with regard to x may possibly be rapid, and therefore very considerable. 
Under the ordinary conditions of a glacier, away from any rapid fall, the variations of 


d A 


A must generally be slow, and the values of therefore comparatively small. 

C is manifestly due to the resolved part of the pressure of on the surface Qq 
referred to a unit of surface. The normal pressure on Qqz=W . zfotiy cos/. Whence 

C= Wz cos /. 


This value of C shows that it must always be small when z is so. Such will also be 

d\ 

the case with E, unless be very large, which is probably true only at the foot of an 

ice-fall. Generally, then, we see that C and E will be small for all those depths which 
lie within the sphere of our observation ; and that for all such depths the first approxi- 
mate solutions of our general equations are sufficiently accurate. The second approxi- 
mate solutions give the results for greater depths, and indicate the nature of the results 
for those, still greater depths at which C and E might be too large to render the results 
of the second approximation applicable with sufficient exactness. 

We may now distinctly understand the interpretation of the first approximate solu- 
tions of our general equations, as applied to the case of an actual glacier. In those 
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solutions it has been assumed that C, D, and E are so small as to be neglected. D always 
=0, and it follows from the preceding expressions for C and E that, generally, they are 
relatively small for all those more superficial portions of a glacier to which our observa- 
tions can extend. Hence, for the same portions, our first solutions will be approxi- 
mately true and practically applicable. 

Section IV. — On the manner in which Dislocations in the Mass of a Glacier , or in its 
Structure , may he produced; and on the resulting Phenomena. 

28. It will be recollected that the internal pressures and tensions which have been 
investigated in the preceding pages, are those which would exist in a continuous solid 
mass acted on by certain external forces, previous to the dislocation which must result 
from such forces if the intensity of the internal tensions should be sufficient to over- 
come the cohesion of the mass, or the pressures to overcome its resisting-power. We 
may, however, carry our geometrical and mechanical analysis of the problem somewhat 
further, and consider how the dislocation will take place when the forces are sufficient 
to produce it. It has already been remarked (art. 2) that there are three ways in 
which this may occur. In the first place, the cohesion may give way to the greatest 
normal tension, p l ; open fissures will then be formed Again, when the maximum 
compression ( p 2 ) becomes very great, it may be easily conceived how the primitive 
structure may break down, as it were, especially if the mass be of a crystalline structure 
like ice. The third kind of dislocation is that produced by the tangential action between 
two contiguous elements, which obviously tends to make one element slide past the 
other, and thus to produce what Principal Forbes has called a “ differential motion.” I 
shall consider successively these different kinds of dislocation, and the phenomena which 
respectively result from them, with reference, in the first place, to the more superficial 
portions of the glacier, in which our first approximate formulae are applicable; and 
secondly, the possible formation of similar phenomena in the deeper parts of the glacial 
mass. 

From the equations (d'.), art. 20, we have 

?l =i(A+BWFBf+4F}, 

i >,=*{A+B-,/(A-B)’+4F>, 

2F 

tan 2 ct ™ ^ . 

The last equation gives two values (a, and « 8 ) of «, which determine the directions of 
p x and p % with respect to the axis of the glacier. A, B, C, and F, in the application of 
the formulae to an actual canal-shaped glacier, are such as described in arts. 25 and 26. 
We have also the result that the lines of maximum tangential action at any point bisect 
the right angles between the directions of maximum tension and maximum pressure. 

Of the values «, and a, of et, one will be greater and the other less than 90° ; and we 
must determine, in each problem, which gives the maximum and which the minimum 
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pressure p x and p r It may be convenient to consider F an absolute positive quantity; 
and we may suppose, for such a glacier as that represented in fig. 2, that B=0. In such 

i 

case the preceding formula shows that one of the values (as a,) of a must be small and 
positive when F is small, i. e. for any point P (fig. 2) near the axis A x. Now the 
maximum tension at P must be due to the tension A parallel to Ax , and that produced 
by the angular distortion of the element P q r s. The magnitude and direction of this 
latter tension are obtained by putting A=0 and B=0 in the above formulro. This 
gives the greatest tension =F, the least = -— F, and tan 2«=oo , or therefore a =45° or 
135°. From the inspection of the element, it is manifest that the first of these values of 
a corresponds to the greatest tension produced by the angular distortion. It is from 
this tension and A that jp, in the actual case of a glacier before us, must result. Con- 
sequently Pi must act in some such direction as P t (fig. 2), where a in that figure is 
acute. The same result will hold if B be of finite magnitude, and algebraically less than 
A ; and thus a, and a 3 are distinguished from each other in the case before us, and by 
similar reasoning may be distinguished in any other case. 

29. Formation of Transverse Crevasses. — When the maximum normal tension is the 
force to which the cohesive power of a glacial mass first gives way, the result, as above 
observed, must be an open fissure, or crevasse, the direction of which must manifestly 
be perpendicular to that of the tension producing it. These crevasses approximate more 
or less to right angles with the glacial axis, and usually characterize canal-shaped valleys 
in which the sides are approximately parallel. In such cases B must be comparatively 
small ; if the valley be slightly convergent, it will be a small pressure, and therefore 
negative. When these crevasses exist more abundantly, A will doubtless be a large 
tension, though not necessarily so, as we shall see, for the production of a crevasse. 

(1) Taking the simplest case, let us first suppose A=0 and B=0. This may be very 
approximately true if the glacier descend without acceleration or retardation along a 
trough-like valley of uniform width and uniform inclination. We shall then have by 
the above equations, p t = F, p 3 =— F, and tan2a= go. Hence the direction of maxi- 
mum tension will make an angle a =45° with the axis of the glacier (A x) (fig. 2) towards 
which it will converge in descending. If, therefore, a fissure be formed at all, which can 
only be in the marginal regions where F is considerable, it must be in a direction per- 
pendicular to P t, and making an angle of 45° with the axis of the glacier. We have 
also for the maximum tangential action (art. 21), 

T *=£Oi— . P») = F, 

equal, in this case, to p„ and making an^ angle of 45° with the directions of p x and p t . It 
will therefore be parallel to the axes of x and y. Hence the maximum normal and tangen- 
tial forces make equal efforts, in this case, to dislocate the mass. Let the tangential 
cohesive power of the mass be F, ; the greatest value which p v can assume will then be 
also F, ; and if the normal cohesive power (P,) be less than F„ the tension j p, may 
assume a value (F) between P, and F„ by which a crevasse will be formed in the posi- 
tion above mentioned. Transverse crevasses may therefore be formed without any of 
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that direct longitudinal tension which might, at first sight, appear necessary to produce 
them. 

(2) If there be a considerable longitudinal tension, but no appreciable transverse 
pressure, we have 

*,=i{A+</3?+^>, 

^=i(A-v/^+4P}, 

F 

tan 2a=-£- 

Hence p t , the maximum tension, will be increased, and therefore, also, the tendency to 
form a crevasse. Likewise the greatest value of a will be less than 45°, and the direc- 
tion of the crevasse, as we might expect, will be more nearly perpendicular to the axis 
of the glacier. 

(3) Many glacial valleys become narrower as we descend them, and consequently the 
mass of the glacier may enter each part of the valley as a wedge, and may frequently 
become more or less compressed. In such case B will be negative, and may become 
very large. We shall then have 

i >,=i{A-B+ N /( A+B)W , >. 

7; 8 =£{A— B — \/ (A-j-B) 2 +4F a }, 
tan 

In this instance, as well as in the preceding one, p>\ will necessarily be a tension, and 
greatest (A and B being constant) where F is greatest, i. e. in the marginal portions of 
the glacier. For the like reason, a will also be greatest in those portions. It will vanish 
at the axis, where F vanishes. Hence, if the forces be sufficient to overcome the cohe- 
sion of the mass, a curvilinear crevasse may be formed extending across the glacier and 
meeting its axis at a right angle. This, however, is rarely the case, the transverse 
crevasses being formed, in general, in the lateral portions only of canal-shaped glaciers, 
where they will approximate more or less to straight lines. They are most likely to 
be formed where A is a considerable tension, which is less likely to be the case in 
converging valleys. • 

It is important to observe that in all cases in which the expression for tan 2a is posi- 
tive, i. e. where B is algebraically less than A, a must lie between 0 and 45°, and con- 
sequently the inclination of a curved crevasse to a transverse line perpendicular to the 
axis must likewise always lie between the same limits. This rule is applicable, according 
to this theory, wherever transverse crevasses are likely to be formed*. 

* An open curvilinoar fissure in its progressive formation would be in. Borne degree influenced by other 
causes than the maximum tension at each point through which it might pass. Moreover, the cohesive 
power has been above supposed to be the same in every direction from any proposed point. There may, on 
the contrary, be planes of less cohesion, in which oase if the cohesion along any such plane bear a smaller 
ratio to the internal tension perpendicular to it, than the cohesion perpendicular to the maximum tension 
bears to p x , tho crevasse may be formed along the plane of least cohesion. I know no reason, however, to 
suppose that these causes are sufficient to modify in any essential degree the law enunciated in the text.' 
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30. Formation of Longitudinal Crevasses. — Transverse crevasses, as above stated, 
are almost invariably formed in valleys the sides of which are approximately parallel ; 
longitudinal crevasses are as generally formed in valleys in which the sides are divergent, 
and usually perhaps when they become rather suddenly so. They are found almost 
exclusively at the lower ends of glaciers. The Rhone glacier affords the best-known 
example of crevasses of this kind, but M. Agassiz refers to a number of other cases, the 
greater part of which, however, appertain to small glaciers*. At the foot of the great 
ice-fall of the Rhone glacier, the valley expands largely, as is well known, and its incli- 
nation to the horizon becomes comparatively small. Thus the ice, accumulating at the 
bottom of the fall, exerts an enormous pressure a tergo on the ice immediately before it, 
and this pressure is propagated onwards in directions which radiate from the bottom of 
the fall. It is manifest that the force along each radiating line will be a great pressure. 
Again, if we conceive the whole mass divided into concentric rings perpendicular at 
each point to the above-mentioned radiating lines, the pressure along these lines will 
extend the ring, and produce in it a great tension at every point, perpendicular to the 
direction of the radial pressure above mentioned. Hence if we take any one of these 
radiating lines as the axis of x, the radial pressure at any point upon it will be denoted by 
— A, and the tension upon it in the direction perpendicular to the axis of x , will be B. 
The former will be a principal pressure , and the latter a principal tension ; and if 
crevasses be formed at all, they must be in directions perpendicular to that of B ; i. e. 
they must be radial, as they are always observed to be. The glacier of the Rhone is 
only a type, as regards longitudinal crevasses, of all other glaciers in which they exist. 

31. An explanation of the phenomena of transverse crevasses, essentially the same as 
that above given, though founded on a more restricted mechanical and mathematical 
analysis of the general problem, was given by me some seventeen years ago. I am not 
aware that any doubt was entertained as to its validity, but I am also not aware of 
any glacialist having recognized it previously to Dr. Tyndall. M. Agassiz has given an 
explanation f both of the transverse and longitudinal crevasses, involving apparently 
the notion of the oblique tension which, I have proved, must necessarily exist in a 
determinate direction. "* The mechanical reasoning employed, however, is too vague to 
constitute a mechanical explanation of the phenomena. Moreover his work was 
published in 1847, three or four years after my memoir containing the preceding explana- 
tion was printed in the Transactions of the Cambridge Philosophical Society. Principal 
Forbes, also, speaks of a drag from the sides towards the centre of a glacier^, but with 
the view apparently, not of explaining the formation of transverse crevasses, but of 
the veins in cases of the veined structure. His “ lines of greatest strain” must therefore, 
I conceive, mean the same lines mechanically, not as my lines of greatest normal 
tension, to which the crevasses are unquestionably due, but my lines of greatest tangential 
action. If he supposed these two directions to be identical, it was a manifest error ; for 

* Systfeme Glaciaire, p. 324. t Ibid. p. 820 et teq. 

J Occasional Papers, p. 57 ; also last chapter of his * Travels.’ 
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I have proved that they must in all cases differ by an angle of 45°. I have thought it 
right to say thus much to vindicate my claim to having been the first to give any expla- 
nation, founded on true mechanical principles, of the phenomena in question. 

32. That the theoretical law above enunciated with respect to the directions of trans- 
verse crevasses is the actual law, is determined, I conceive, beyond all doubt. It was, 
in fact, so distinctly recognized by M. Agassiz and others *, before careful observations 
had been made on glacial motion, that it was regarded as a proof that the sides of a 
glacier moved faster than its central portion. But the best and, I believe, the only 
accurate recorded evidence on the subject is that afforded by the admirable map 
published by M. Agassiz, of the glacier of the Aar. There the crevasses, in a particular 
locality, are laid down with geometrical accuracy, and the eye recognizes at once the 
law in question, notwithstanding the minor deviations which must necessarily result in 
such a case from local and irregular causes f. Principal Fobbes, however, does not 
seem to recognize this law; for he observes $ that he agrees with some preceding 
observers in believing crevasses to be mere accidents of glacial motion. I have, however, 
demonstrated, as I had done before the publication of the paper in which this opinion 
is expressed, that though a glacier should be affected by no irregularities of surface 
along its margins or bed tending to dislocate it, the internal tensions arising from the 
more rapid motion of its central portions would always tend to produce oblique trans- 
verse marginal fissures. Local and irregular causes may frequently counterbalance this 
tendency ; but the cause itself which produces these fissures is no more accidental than 
the law of the motion in which it originates. It might as well be asserted that the 
longitudinal or radiating crevasses of the lower part of the glacier of the Rhone were 
merely accidental phenomena, — an assertion which few glacialists, I imagine, would 
venture to maintain. 

33. The positions of the crevasses as above determined, will be those in which they 
are originally formed. It is manifest that transverse crevasses will change their angular 
positions with reference to the axis of the glacier, by the more rapid motion of its axial 
portion. They will thus become more approximately perpendicular to the axis. More- 
over, as they deviate from their original positions, less force will be exerted to keep them 
open, and to counteract any independent or local causes tending to close them. They 
do thus finally disappear, and generally at points not remote from those where they 
were originally formed, and where local conditions probably aided theit formation. 
A closing up of the crevasses after a certain time, presents no difficulty ; but the entire 

9 

* Systeme Glaciaire, p. 305. 

t I cannot here omit the expression of my conviction of the inadequate justice which has been rendered 
in this country to the ‘ Syst&me Glaciaire ’ of M. Agassiz. It professes to be, as it is, principally descriptive, 
and contains more accurate details on many pointB than any other work professes to offer. The map which 
accompanies it, founded on the very careful trigonometrical survey of M. Wild, is full of beautifully deli- 
neated details. We possess no other glacial document of the kind at all comparable to it. I shall have 
other occasions to refer to it. 

t Occasional Papers, p. 151. 

MDCCCLXII. 5 E 
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disappearance of all traces of them, and the resumption of complete crystalline con- 
tinuity in those parts of the mass in which these crevasses had previously existed, 
remained a difficulty of which no physical explanation had been given till the experi- 
ments of Dr. Tyndall afforded so happy a solution of it by proving that the renewed 
continuity was attributable to regelation resulting from the renewed contact of portions 
of the ice which had been previously separated. 

34. Formation of Crevasses in the deeper portions of a Glacier . — The formation of 
crevasses in this position must ever perhaps remain a matter of speculation ; for we can 
have little hope of making their existence a matter of observation. The general direc- 
tion of maximum tension at any point of a glacier at a great depth, cannot be exactly 
determined, because the general equations (<?.), art 16, cannot, for this case, be gene- 
rally solved. It will be easy, however, to determine this direction in terms of the 
internal forces for any point in the vertical plane through the axis of the glacier, and, 
consequently, the section made by that plane with the surface to which the direction of 
the maximum force is a normal — the surface along which the crevasse would be formed. 
For this purpose let fig. 6 represent the vertical section through the axis of the glacier. 

Fig. 5. 



The undistorted element Q' R' will be brought by the more rapid motion of the surface 
into the position Q R, as described in fig. 3. The internal forces acting on the small 
element pqrs will be A, B, C, and E, the latter producing the couple whose axis is 
parallel to that of y . It is manifest, however, from the conditions of symmetry, that the 
direction of the maximum tension must lie in the vertical plane through the axis of the 
glacier, and will not be affected by B, which, as in other cases of transverse fissures, 
must be supposed either a pressure or a comparatively small tension. Hence, putting 
— C for B and E for F in our formula; (f.), art. 20, we have 

2E 

*** 2 “=XT c‘ 

The angle « is indicated in fig. 5 (see art. 28 and fig. 2). Near the surface, E and 
therefore «, vanish, and the crevasse, if formed, will be vertical. At lower points of the 
mass « will increase with E, and the vertical section of the crevasse will resemble the 
curve M N in the figure. 
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The maximum tension in the marginal portions of the glacier will be increased by F ; 
and it is in those portions, near the lower as well as near the upper surface of the mass, 
that crevasses will be most likely to be formed. The forces tending to form them may 
probably be much the same in both cases ; but the tendency of the incipient fissures to 
open into wide crevasses must almost necessarily be much counteracted near the lower 
surface by the action of the bottom of the valley on that surface. The sides of a fissure 
will not there be able to separate from each other with the same facility as at the free 
surface of the mass. In fact any incipient fissure formed within the glacier and not 
extending to its external surface, will have much less of this facility of subsequently 
opening, than those which are formed nearer to the outer surface and directly commu- 
nicate with it. I therefore conceive it to be very improbable that crevasses exist in the 
deeper portions of a glacier, equal in number and magnitude to those which are seen in 
its more superficial portions. 

36. Effects of the Crushing of the Mass. — It may frequently happen that the maximum 
pressure (p a ) at any proposed point of a glacial mass shall be much greater than the 
maximum tensidh p„ or the maximum tangential force T a (art. 18) at that point; and 
the dislocation may be produced by the crushing power oip % . The element may thus 
be broken into a greater or smaller number of fragments, and the constraint of the mass 
removed. Its onward motion will then be continued, and its continuity restored by 
regelation, till a repetition of the' process becomes necessary to overcome a new state of 
constraint. It is in this manner that the property of regelation enables us so beautifully 
to account for the molecular mobility of a glacial mass, and the consequent freedom of 
its central to move more rapidly than its marginal portions, without any reference what- 
ever to the property of viscosity or plasticity. 

36. Dislocation produced by the Tangential Force. — The third way in which the mass 
may be dislocated is, that the tangential cohesion may yield to the tangential force on 
any proposed element, as explained in article 28. For the greater simplicity of explana- 
tion, I shall suppose the sides of the valley parallel, and A=0, and B=0. Also we 
take C=0 and E=0 as in our first approximate solutions. Let^^rs (fig. 6) be the 
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section of a small elementary rectangular parallelopiped (&r, &r)made by the plane 
of the paper (that of xy); and let ^>5 be in the direction {$>%>') of the motion of p; it wijl 
be parallel to x, and the transverse line M.p q N, perpendicular to pp', will be parallel to 
y. Now the physical line M N will, in a short time, come into the position M' N\ by the 
assumed motion of the glacier, and the greater velocity of its axial portion. The 
element p qrs will then come into the position^' jV s', and will be angularly distorted. It 
will be acted on by the tangential force (F), forming two equal and opposite couples, with 
a common axis parallel to z (art. 29, (1)), and tending to destroy the continuity on every 
side of the element, by overcoming the tangential cohesion. The force F will be diffe- 
rent for different angular positions of the element, and will always be greatest when the 
sides of the element bisect the two right angles between p x and p % , the greatest tension 
and the greatest pressure (art. 18). In the present case the directions of^>, and p % will 
each be inclined at an angle of 45° to the axes of x and y (art. 29, (1)) ; and there- 
fore the intensity of the forces (F) of the two couples will be greatest when they act 
respectively parallel to x and y, i. e. when the element is in the angular position repre- 
sented in the figure. * 

Now if tangential dislocation take place, it must necessarily do so in those directions 
in which the tendency of the forces F to produce it is greatest, or, in the case before 
us, in directions parallel and perpendicular to the axis of the glacier, the tendencies 
being the same in both those directions. Let us suppose, then, a complete tangential 
rupture to take place, and simultaneously, on each side of the element pyrs, as well as 
in the surrounding elements. Each element, represented by pair'd, will then regain its 
original rectangular form by its elasticity , but so moving that its centre of gravity (cf) 
shall remain at rest, since the elastic force of restitution acts entirely within the element. 
Thus p qrs will return to its original rectangular form p"q"r Jl sl l ; and if we take two con- 
secutive elements whose centres of gravity are G and G 1 , they will be brought into the 
relative positions represented in the figure, in which G' is slightly in advance of G, as 
much, in fact, as is necessitated by the more rapid motion of the central parts of the 
glacier. After the rupture, if we suppose the continuity to be instantaneously restored 
(as it will be by regelation according to our theory), the glacier will again be brought 
as a continuous mass into a position of no constraint by its general motion. By a repe- 
tition of this process, the continuity of the mass will be constantly destroyed and as 
constantly restored; and we thus see the modus operandi by which, taking any two 
elements situated like G and G, the one nearest the axis of the glacier gets gradually 

in advance of the other, as it must do, in accordance with the general law of the 
glacier’s motion. 

37. But, it may be asked, if the dislocation takes place on the two sides of the 
element whose directions are transverse to the glacier, simultaneously with the rupture 
along the sides whose directions are longitudinal, why is it that the subsequent relative 
or differential motion of two contiguous elements, such as G and G, should not be 
transversal as well as longitudinal 1 The reason is obvious. The motion which instan- 
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taneously takes place after the tangential dislocation is a motion of rotation about 6, 
the centre of gravity of the element, by which that point is not affected ; whereas the 
motion with which we are here concerned, as that which alone can possibly produce any 
finite differential motion, is the motion of the centre of gravity (G) itself , arising from 
the general onward progress of the whole mass. Any real differential motion between 
two particles must, in all cases (whatever, in fact, may be the directions of tangential 
dislocation), take place in the actual direction of the motion of the particles. Thus, if 
the directions of tangential dislocation be not parallel and perpendicular to the axis of 
the glacier, as in the above case, the true differential motion of two particles must still 
take place in the actual direction of their motion. 

38. In the above case we have assumed the rupture to be complete and simultaneous 
on every side of the element, and also the absence of friction between contiguous 
elements. If it be otherwise, as it doubtless will be, the same reasoning will be appli- 
cable ; but the relief of the constraint of the mass, or of any element, at each disloca- 
tion will be only partial, and the consequent differential motion will be somewhat less. 
In such case the facility with which the central portions of the mass move faster than 
the other parts will be diminished. 

39. I am not here supposing that this tangential dislocation is the most probable 
mode by which the constraint of the glacial mass is commonly relieved under great 
pressure. The crushing of its elementary portions (art. 35) would appear, perhaps, a 
more likely modus operandi] but possibly both these processes may contribute to the 
actual dislocations (without finite fissures) by which the constraint of the mass is instan- 
taneously relieved. If the dislocations were entirely tangential, it is easily seen that 
two contiguous elements, like G and G' (fig. 6), would ultimately be separated, while 
each should preserve its physical identity. Consequently, identical particles forming at 
one time the continuous transverse linear clement, MN, might subsequently be con- 
verted into an elongated loop which should be discontinuous in the marginal parts of 
the glacier„where tl^c differential motion would be greatest, and continuous in the cen- 
tral portions, where that motion would be least. If, on the contrary, each element 
should be crushed in the dislocation, it would manifestly never regain its primitive form, 
but would become compressed or extended as if it were plastic or viscous (art. 4, &c.). 
In such case the original transverse element M N would be converted into a continuous 
loop. But, at all events, whether the real modus operandi consist of only one of the 
above processes, or of a combination of both, it is of the first importance for a just 
appreciation of the principle of regelation, that we should see distinctly how the conti- 
nuity of the glacial mass is broken and again restored by it, in contradistinction to the 
effect of real viscosity, which would prevent that continuity from being broken at all. 
In the latter case also there would be no particular structure, such as the crystalline 
strupture, to be destroyed, and no necessity for the power of regelation to restore it. It 
is in the difference between the modus operandi when the mass is viscous, and that when 
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the mass is crystalline and brittle, that we see best, perhaps, the distinction between the 
Viscous and Regelation Theories. 

Section V. — On the Veined Structure of Glacial Ice. 

40. Two different theories, as is well known, have been proposed to account for the 
curious structure frequently observed in glacial ice, and termed the laminar, veined, or 
ribbon structure. The preceding investigations bear intimately on these theories. One 
of them, that of Principal Forbes, asserts the structure to be due to the sliding of one 
thin lamina of ice past another, or to their differential motion — a process by which he 
supposes extensive portions of the mass to be divided into slices, usually nearly vertical, 
and not exceeding, in many cases, the fraction of an inch in thickness. His first idea 
was that these parallel discontinuities were, after their formation, filled with infiltrated 
water, which, by being frozen, formed the veins of blue ice. He afterwards appears to 
have abandoned this notion; but what physical process he supposed to be substituted 
for infiltration I have not been able distinctly to ascertain. This, however, is not 
material as regards the examination which I propose to give this theory in the sequel. 
The other theory above alluded to is that first proposed by Dr. Tyndall, an essential 
point in which is that the laminae of ice which characterize this structure must be per- 
pendicular at each point to the direction of greatest pressure there. So far alone my 
researches are related to this theory, and so far only shall we be here concerned with it. 
I shall not discuss the manner in which this pressure is supposed to produce the lami- 
nation in question, a point on which somewhat different opinions have been pro- 
pounded. It is the mechanical part only of the theory that I shall discuss. It has 
been called the pressure theory of the veined structure, while that advocated by Prin- 
cipal Forbes has been termed the differential theory of the structure. The lines in 
which the laminae of blue or white ice meet the surface of the glacier will generally be 
curved lines, which I shall designate as lines or curves of structure. 

This structure, as well as the lines depending upon it, have received different designa- 
tions according to the portion of the glacier where it is found, or the directions of the 
lines of structure. Thus, when found in the lateral portions of the glacier, Dr. Tyndall 
has termed it the marginal structure. It is frequently found in canal-shaped glaciers. 
The lines of structure in such cases are usually inclined at small angles to the sides of 
the glacial valley. When the lines stretch more directly and entirely across the valley, 
the structure is said to be transverse, and is more especially developed at points below 
an ice-fall and not remote from it. In the axial part of a glacier the lines of structure 
are frequently longitudinal, or parallel to the axis. The structure is then called longi- 
tudinal. It is generally best exhibited at the confluence of two large glaciers, as those 
of the Finsteraar and Lauteraar. It may be convenient to preserve these designations, 
though, as will be seen, they are the results, according to the pressure theory, of the 
same general cause, modified by the local conditions under which it acts. I take again 
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the first approximate solutions of our equations, as applicable to all usually accessible 
depths. 

41. Pressure Theory of the Laminated Structure. — We have generally, 

i>,=i{A+B+^(A-B)*+4F}, 

_P>=i{A+B — -y/ (A — B)*+4F), 

_ 2F 

tun 2oc— g* 

In the formation of crevasses, we have been principally concerned with p t and its 
direction, we shall now be more especially concerned with p a , when a pressure, and the 
corresponding value of a ; but it will be convenient to bear in mind that, according to 
the fundamental principle of this theory, the curve of structure through any point will 
always coincide with the direction of the maximum tension or minimum pressure at 
that point, p a being always the maximum pressure there. Also, since the direction of 
p a is horizontal (neglecting C and E as in our first approximation), each laminar surface 
must be vertical, and will therefore be completely determined by the line of structure 
corresponding to it. 

42. Formation of the Marginal Structure. — I have stated that this is frequently found 
in canal-shaped glaciers. Suppose the glacial valley to be more or less convergent, so 
that the transverse force B may ftecome a pressure ; and suppose its magnitude to be 
greater than that of A, as it probably will be generally in such a valley. We may also 
suppose A to be a pressure, though this is not essential for the production of the laminar 
structure in the case before us. The preceding formulee now become 

i » 1 =i{-A-B+v / (B-A)’+4F}, 

A— B— y/(B— A)’+4F}, 

_ 2F 
tan 2 06 — 

p a will be the maximum pressure, and the structural curve at any proposed point will 
be perpendicular to the direction of p a ; it will therefore coincide with that of p^ which 
will be determined by the above expression for tan 2a. Let a, be the value of a which 
gives the direction ofp„ or that of the curve of structure at any proposed point. Then 
will u l lie between 0 and 45°. At points near the axis of the glacier, the twisting 
tendency, and therefore F also, will be very small, and may be neglected. We shall 
then have 

p s =— B. 

Let us first suppose B too small to produce the veined structure. It will not, in such 
case, exist at all in the central portion of the glacier. At any point more remote from 
the axis, p % will be increased by the increase of F, and may become sufficient to produce 
the structure, a, will be greatest when F is so, i. e. at the sides of the glacier, supposing 
A and B to remain constant. Should B be much larger than F, as we should antici- 
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pate in the cases we are considering, u x will be much less than 46°, the greatest value to 
which it can attain when the transverse pressure B predominates over the longitudinal 
pressure A. The lines of marginal structure will be as represented in fig. 7, by the con- 
tinuous portions of the oblique lines. 


Fig. 7. 



43. Formation of the Longitudinal Structure . — If B, the transverse pressure, be very 
great, may be sufficient to develope the veined structure in the central as well as the 
marginal parts of the glacier. The curves of structure will then be continued towards 
the axis of the glacier, to which they will constantly converge as an asymptote, as repre- 
sented by the discontinuous lines in fig. 7. If B be very large, the lines of structure, 
when examined only in a limited area, will be sensibly parallel to each other and to the 
sides of the glacier. 

44. Formation of the Transverse Structure . — Let us now suppose the longitudinal 
pressure A to be very great, as it must be, for instance, at the bottom of an ice-fall. 
We may also suppose it much greater than B. We shall then have 


tan 2a= 


2F 

A-B’ 


and consequently 2a will either be a small negative angle, or positive and nearly equal to 
180°; and therefore a will either be small and negative, or positive and nearly equal 90°. 
The former must, from the nature of the case, correspond to the direction of maximum 
pressure, and must therefore be a 2 , and the other a„ as in fig. 8. a, will =0° at 


Fig. 8. 


Q. 



the axis, and will be greatest at Q and R. If A be sufficiently great, the curve of 
structure will be continued across the glacier, constituting the transverse structure. 

46. There are two cases connected with the formation of the transverse structure at 
the bottom of an ice-fall which ought to be noticed. It may happen that the valley 
below the fall shall be an elongated slowly converging valley, or, as occurs perhaps more 
rarely, a rapidly diverging one like that already described at the extremity of the Rhone 
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glacier. In the first case, especially if the inclination of the valley should gradually 
increase and become considerable, the transverse pressure, B, may be much increased, 
and the longitudinal pressure, A, much diminished as we descend the valley, till it 
becomes less than B. In such case the curves of structure (so far as they depend alone 
on the action of the external forces) would become more and more elongated, as repre- 
sented approximately in fig. 9. If B should become greater than A, 


tan 

Fig. 9. 



and the case becomes the same as that previously considered (art. 43), in which the 

formation of the longitudinal structure is explained. So long, however, as A remains a 

pressure sufficient to produce the laminar structure at right angles to the axis, the loops 

will be completed ; if A become too small to produce the structure, the curves will not 
* 

be continued across the axis, and the structure will exist only as a marginal structure ; 
and if B still increase (by the glacial valley becoming very narrow), so as to produce 
the longitudinal structure along the axis, the structure will become longitudinal, as 
represented by the two lower lines of structure in fig. 9. 

46. In the second case above mentioned, of a rapidly divergent valley of small incli- 
nation, the mass will be urged onwards by a great radial force, as above explained 
(art. 30), and the curves of structure will be perpendicular to the crevasses, and conse- 
quently approximately concentric about the foot of the ice-fall, where this structure 
commences. 

47. Application of the preceding Theoretical Remits . — It must be recollected that the 
phenomena of glacial structure as they actually exist at any moment, are riot merely the 
results of the instantaneous action of the mechanical and physical causes to which their 
original formation may have been due, but to those causes together with the effect pro- 
duced by the motion of the glacier. In the formulae of this section I have entirely 
neglected the influence of transmission by this motion, on the forms of the curves of 
structure, and have spoken of them as though they were dependent only on the forces 
originally producing them, and unaffected by the unequal motions of the central and 
marginal portions of the glacier. This, however, cannot be the case, unless we suppose 
the structure to be modified at every instant in exclusive obedience to the physical and 
mechanical causes in which it originates — a supposition having a great apparent impro- 
bability. The motion of a glacier being known, it is merely a geometrical problem to 

mdccclxii. 5 p 
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point out accurately the nature of the modification which would be produced in a given 
curve or surface of structure by transmission alone ; the amount of that modification 
can only be known by observation. I shall investigate this subject in a subsequent sec- 
tion. At present, in the application of the preceding formulae to particular cases, my 
conclusions will be restricted to the hypothesis of the structure being due alone to the 
instantaneous action of the forces tending to produce it in each particular locality. 

48. The marginal structure is found more or less developed in most canal-shaped 
glaciers. It has been best observed, perhaps, on the glacier of the Aar and its tributa- 
ries, and on the glaciers at Chamouni. It sometimes coexists with marginal crevasses. 
In such cases the curves of structure ought to be, according to the pressure theory, 
perpendicular to the crevasses. Moreover, the coexistence of the structure and cre- 
vasses implies a longitudinal tension and a transverse pressure ; in which case the 
direction of greatest tension will make an angle of much less than 45° with the axis or 
sides of the glacier, and such, therefore, will also be the case with the marginal curves 
of structure. This seems accordant with the best observations ; for though the forms 
and positions of these curves have not yet been observed with all the care they require, 
there is little doubt as to their meeting the sides of the glacier at finite angles. The 
law of perpendicularity between the structural curves and the crevasses was first 
observed, I believe, by Principal Forbes on the glacier of the Aar ; and in speaking 
of the Talefre glacier* he remarks, “The crevasses as they present themselves are 
convex towards the origin of the glacier, and here, as in other cases, perpendicular to 
the veined structure.” The same impression appears to have been produced on other 
observers. 

49. It is manifest that the marginal structure may be modified by any local con- 
ditions which affect the internal pressure of the glacier. Principal Forbes describes 
jvhat he regards as an extraordinary case, and one to which he appeals as affording a 
crucial test in favour of his own views f. It is furnished by the glacier of La Brenva, 
and is represented by fig. 10. The line i C B D represents the side of the glacial valley, 


Fig. 10. 



C 


in which projections at B and D appear to form a somewhat sudden obstacle to the 
onward motion of the glacier in the direction F D. Now it is certain that the maxi- 
* Occasional Papers, p. 102. f Ibid. p. 60. 
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mum pressure between B and D would be very great, and that its direction would be 
nearly perpendicular to that of the motion of the glacier. Consequently the direction 
of the veins, according to the pressure theory, ought to coincide approximately with the 
direction of the motion, as represented by the lines between B and D. The example, 
as I understand it, presents no difficulty in the pressure theory*. 

50. The transverse structure is well developed near the bottoms of the ice-falls of the 
upper part of the Glacier du Geant, and that by which the ice is precipitated from the 
glacier of Talefre to that of Lechaud ; but the most striking exhibition of it is afforded 
by the lower end of the Rhone glacier, which has already been mentioned (art. 30) as 
affording an excellent example of longitudinal, or, more properly, radiating crevasses. 
The curves of structure, according to the law above stated (art. 48), are perpendicular 
to the crevasses, and therefore coincident with the surfaces of greatest pressure, as they 
ought to be according to the pressure theory. 

51. The longitudinal structure is perhaps best developed below the junction of the 
Finsteraar and Lauteraar glaciers, where they form the glacier of the Aarf. The mar- 
ginal structure is well exhibited along the flanks of both the tributaries, and is con- 
tinued along those of the combined glacier resulting from their union. It is from the 
point of junction O, fig. 11, and on each side of the axis G x, that the longitudinal 



structure is so finely developed. The tributary B A represents the Lauteraar glacier. 
The oblique lines on either flank represent the marginal structure, which is supposed to 
extend only to a certain distance from the sides. The whole width of the glacier of 
the Lower Aar is much less than the sum of the widths of its two principal tributaries, 
so that the transverse pressure (especially near the axis), for some distance below the 

* I may remark that I see nothing distinctive in the observations made by Principal Fobbes on La 
Brenva to determine the relative velocities of points at different distances from the side of the valley. 
Exactly similar results would be obtained on any glacier in which the velocity of the central should be con- 
siderably greater than that of the marginal portions. 

t Txndaxl’s ‘ Glaciers of the Alps,’ p. 887. 
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junction, must manifestly be enormous. About some such section as O A this pressure 
will begin to be felt, and will be in full operation about A A'. Now considering the 
direct effects which would be produced by the forces acting on the united glacier below 
the section A A' (independently of the effects of transmission), that portion will pre- 
sent precisely the case of longitudinal structure considered in art. 43. The transverse 
pressure, as above remarked, will be enormous, especially along the axis, to which it will 
there be perpendicular, and the general structure will be such as is represented in fig. 7, 
and repeated in fig. 11. The maximum pressure at any point in the axial part of the 
glacier will be increased by the mutual action of the two tributaries after their con- 
fluence, required to divert each from its original direction ; and in the marginal parts of 
the great glacier the maximum pressure will be increased by the comparatively large 
value of F. In the region intermediate to the marginal and central portions, the 
pressure will probably be less than in either of those portions, but in the figure it is 
supposed to be sufficient to superinduce a longitudinal structure. In this case, however, 
the angle a at any point P would not increase regularly, and the curves in the part df 
the glacier now referred to might present some degree of inflexion. 

According to Dr. Tyndall, the longitudinal character of the veined structure is 
strongly developed, as a general rule, under all considerable central moraines ; and as 
such moraines always originate in the confluence of two glaciers, and present conditions 
similar to those of the Aar, the explanation in all such cases will be precisely similar to 
that above given, assuming the structure to be due to the instantaneous action of the 
forces acting on the mass, and not to transmission. 

52. In the glacier of Talefre the ice-stream is divided by the Jardin into two separate 
currents, as roughly represented in fig. 12, which thus form, in fact, two separate tribu- 



taries to the united glacier which proceeds, below the Jardin, to precipitate itself over 
the ice-fall of Talefre. Principal Forbes appears to have examined the veined structure 
carefully, and describes it as represented in the figure by the fine lines converging to the 
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fall. The dotted lines are moraines, and indicate the course of the ice-current. It is 
manifest that the mass, in approaching the fall, must suffer immense transverse com- 
pression, which accounts for the longitudinal structure in that part of the glacier. 

63. Formation of the Veined Structure in the deeper portions of a Glacier. — We cannot 
determine completely the direction of the greatest pressure at any proposed point at a 
great depth in a glacier, for the reason above assigned (art. 34). That direction would 
give us the normal to the surface of greatest pressure, and therefore, also, to the surface 
of structure through that point, whence the differential equation to the surface would 
be known. In our practical inability to follow this method, we may proceed, as in 
art. 34, to determine the section of the required surface made by a vertical plane through 
the axis of the glacier. In a glacier of considerable width, the sections of this surface 
made by planes parallel to the one just mentioned, will be very similar to the axial 
section ; because the velocities will be very nearly the same for all points in a transverse 
line on the surface of the glacier, within considerable distances of the axis* ; and the 
same therefore must also hold for points at greater depths. The most important case 
is that which occurs at the base of an ice-fall in which A becomes very large and a 
pressure. Also B, the transverse force, may p ig 13 

be considered much smaller than A, and a 
pressure. Our general formulae will become 
p, = - A+C- v /(A=C7 1 + 4E») , 
p,= -i{A+C +v /(A-C)‘T4E»), 
p,=— B; 

and we shall have, also, 

2E 

cos /3=0, tan 2oc= — a— C ’ 

the plane of a being now that of xz. Now B being supposed small compared with A, 
p % will be the maximum pressure and p x the minimum pressure, or algebraically the 
maximum tension. The above equation gives two values of a. Now 2 a must be nega- 
tive and less than 90°, or positive and between 90° and 180° ; and therefore a must be 
negative and less than 45°, or positive and between 45° and 90°. The negative value 
will evidently here correspond to p % the greatest pressure. A may possibly be much the 
same at different depths, in our present case, and E (art. 34) will be zero at the surface, 
and will increase with the depth. C also increases with the depth, as does, therefore, 
cceteris paribus , the negative angle a 4 . It must always, however, be less than 46°, so 
long as C is less than A, whatever may be the depth ; and near the surface it will vanish. 

# M. Agassiz has best exemplified this in his admirable map and diagrams of the glacier of the Aar 
already referred to. He there delineates (Atlas, pi. 4) tho forms assumed by an originally straight trans- 
verse physical line on the glacier near the junction of its two great tributaries in three successive years. 
The motion of different points on the central portion of the mass do not differ much throughout a breadth 
of nearly one-half of the glaoier. 
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The axial section of the surface of structure may be represented by QB in fig. 13, varying 
in its inclination to the nearly vertical axis of z from zero to less than 45°. A similar 
conclusion will hold, as above stated, for all the central portion of the glacier. 

The structure here considered is manifestly a transverse structure, and is probably 
only formed where there is a sudden change of inclination in the bed of the glacier, 
like that at the foot of an ice-fall. The intensity of the longitudinal pressure to which 
it is there due, may possibly diminish rapidly in receding from the fall ; and so far it 
would follow that, where the structure is continued to any considerable distance from 
the locality in which it was formed, it must be due in a great degree to transmission. 
But this is a question which I reserve for further discussion. 

54. Differential Theory of the Veined Structure . — The idea on which this theory is 
founded has already been stated at the beginning of this section (art. 40); and the modes 
in which dislocation may take place so as to admit of the more rapid motion of the 
central portion of a glacier, have been explained. It has also been pointed out (art. 36) 
that the real differential or relative motion of two contiguous particles of the mass must 
necessarily be in the common direction in which the particles are constrained to move, 
by virtue of the external conditions to which the whole glacier is subjected. This, in 
fact, belongs to the definition of “ differential motion as I understand the term ; nor 
can I conceive how any mechanical effects, such as dislocation or bruising, can be attri- 
buted to a “ differential motion ” in any arbitrary or conventional sense, rather than to 
the real relative motion which I understand to be meant by the expression. If so, it 
appears to me impossible to accept this thefiry of the veined structure without a far more 
explicit explanation than any which has yet been given of it. Assuming, then, what I 
conceive to be the only intelligible and determinate meaning of the above expression, I 
shall proceed to investigate certain geometrical results which flow from it. Since the 
investigation is entirely geometrical, we may suppose the surface of the glacier and its 
longitudinal axis to be horizontal. I shall also suppose the line of motion of every 
particle to be parallel to that axis, and the velocity to be invariable along each such line, 
but different for different lines, (1) because the velocity of the central is supposed to be 
greater than that of the marginal portions of the mass, and (2) because the velocity of 
its upper is greater than that of its lower surface. 

55. Ix>t P (fig. 14) be any particle of the glacier, and let the plane of the paper 
represent a transverse plane perpendicular to the common direction of all the lines of 
motion of the component particles of the mass. Also let p be any other particle like- 
wise in the plane of the paper, its distance from P being very small and equal to g ; 
i. e. p must lie in the circumference of a circle in the plane of the paper, whose centre 
is P, and whose radius § is extremely small. Our first object will be to determine the 
relative velocity, or differential motion of P and p, and the positions of p in the small 
circle when that relative velocity is a maximum, and when it is zero. 

For this purpose let the horizontal plane of the base of the glacier be made the plane 
of xy, and the vertical plane parallel to the longitudinal axis of the glacier, and along its 
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flank on the left, the plane of xz. The plane of yz will be a vertical transverse plane ; 
let it be represented by the plane of the paper, to which, therefore, the line of motion 
of every particle will, by hypothesis, be perpendicular. Let P (fig. 14) represent a 

Fig. 14. 



material point in the plane of the paper, or that of y z. (We take it in this particular 
plane because we shall not be immediately concerned with the coordinate x.) Let 
AM=y, and MP=z. Also; take another point p supposed to be very near P, and let 
its coordinates be y-\-n and n and £ being referred to P as origin. Also let V be 
the velocity of P perpendicular to the plane of the paper, and V+w that of p; V will 
be some function of y and z ; and v a function of rj and £. As we have chosen the 
coordinate planes, V will increase with y and z , because the centre of the mass moves 
faster than its sides, and the upper moves faster than the lower surface ; and for the 
like reasons, v will increase with tj and £. Now since n and £ are very small, we may 
consider any increase of u, due to an increase of jj, as =yti, and an increase due to that 
of as —y%, where y and y' are functions of y and z, but independent of tj and £. 
They express the rate at which V increases as we pass from P to contiguous points in 
the plane of the paper, and in directions parallel respectively to the axes of y and z. We 
shall then have 

v=yai+y'£; 

or if 

cos 5, 

£=? sin 5, 

t>=f (y cos 6-\-y! sin &). 

Frqm what has been above stated, this quantity must be a maximum with respect to 6, 
considering y, y\ and g * as constants. This gives 

— y sin 5+ y' cos 5=0. 

* The tendency of the tangential differential motion of two particlos very near together, to bruise or dia> 
locate the mass, will manifestly depend on the contortion or twisting produced by this relative motion, and 
therefore on the angular change of position of the line joining the two points. Thus, in fact, - is the quan- 

f 

tity to be really made a maximum. This is equivalent to considering p constant in differentiating os in the 
text. 
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Let 0, and be the two values of 6 which satisfy this equation ; then 

uj 

tan ^ = tan 6 % = ^- ; 

and 

0 a = tan _, ^+180°. 

From the above expression for v, 6 X gives v a positive value, and & 3 the same numerical 
value with an opposite sign, the one being the algebraical maximum value, the other 
the minimum one. 

Moreover, we see from the above value of v, that v= 0 when 

tan 6= — -7 = — cot 

which shows that the angular distance between the directions in which v is respectively 
a maximum and zero, is equal to a right angle. 

56. To interpret these formula?, draw P p (fig. 15) 

making the angle tan -1 — with the axis of y. The 

relative velocity for p and P will be greater than 
for any other point at the same distance from P. 

Draw PP, perpendicular to Pjp, taking PP, very 
small; then since t)=0 in the direction at right 
angles to P p (by the last equation), the velocity of 
P, will equal V, that of P. At 1\ (since it is nearer 
the central axis of the glacier than P) the rate of increase of Y, as depending on y , will 
be less than at P, and therefore p will also he less (art. 55) ; and for a like reason* (since 
P, is nearer the lower surface than P) yJ will be increased. For both these reasons 

tan* 1 will be greater at P, than at P. Draw P, accordingly. Again, draw 

P, P a perpendicular to P,^„ making P, P a very small. The velocity of P a will still = V, 
and the relative velocity of and P 2 will be a maximum in the same sense as before. 
\Ve may proceed in the same manner with any number of points. Now, when we pass 
to the limit, by taking P P„ P, P a , &c. indefinitely small, the locus of P P, P a , &c. will 
become a continuous curve, possessing the dynamical property, in the case of a glacier, 
that each of its particles moves with the same velocity perpendicular to the plane of the 
paper, and they have consequently no tendency to separate from each other. 

Again, taking g indefinitely small, we shall have another continuous curve pptp* &c. 
contiguous to the former, and so related to it that the relative velocity of two particles 
situated respectively on these curves, and on a common normal to them, will be a 

* The increase in the rate at which V increases as we descend from one longitudinal line of motion to 
another, cannot bo made a matter of observation, but the analogy with the variation of Y in passing from 
the axis of the glacier to its sides (in which case we know that the rate of variation increases) would seem 
fully to justify the assumption. The conclusion of the text, however, is not dependent upon it. 


Fig. 16. 

A 
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maximum, and will consequently have a maximum tendency to separate from each other 
by their differential motion. I have spoken here of physical points as perhaps conveying 
more distinctly the idea of the intervening distance denoted by g. I might have equally 
spoken of indefinitely small elements of determinate forms, considering f as the distance 
between their centres of gravity. These are only different kinds of phraseology by 
means of which we reason on the ultimate elements of which a continuous mass must 
be constituted. 

In the above investigation the velocity of each particle has been assumed to be the 
same at every point along its line of motion. Consequently whatever holds for the 
motions with which these particles pass through one transverse plane, will hold with 
respect to any other such plane. Consequently there will be two contiguous cylindrical 
surfaces generated by lines parallel to those of the motion of the glacier, and having 
for their directors the two contiguous curves above described on the plane of yz ; and 
the motion of the particles in these cylindrical surfaces will have the same dynamical 
characters as those above enunciated for the particles in the two guiding curves. There 
will be an indefinite number of such surfaces following the same law. A section of the 
mass, made by a transverse vertical plane parallel to that of yi, will be represented by 
fig. 16. Each surface will be perpendicular to this transverse plane. 



This system of surfaces would necessarily result from the differential motion in the sense 
in which I regard it ; nor can I conceive how the veined structure can originate in that 
motion, in the way in which the author of the theory appears to consider it to originate, 
unless the veins should coincide with the surfaces here investigated. In such case every 
line of structure on the surface of the glacier, in the typical case above considered, 
.would coincide with a line of motion, and would .therefore be parallel to the axis ind 
sides of the glacier. In the central parts of the glacier, where the variation of V for 
different points situated on a transverse horizontal line is usually very slow, p will be 

very small, and therefore 6 tan -1 ^ will nearly equal 90°. Consequently the struc- 
tural surfaces will be very nearly horizontal. In the marginal portions of the glacier 
these surfaces will meet the superficial surface of the mass at angles 

=90°— <h=90°- tan-‘£> 

which will be nearly =90°, since u! will be usually small near the upper surface, an d ft 
MDCCCLXII. 6 G 
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will be comparatively large near the sides of the glacier. The superficial curves of 
structure would be all straight lines parallel to the axis of the glacier. 

In actual glaciers; the forms of the curves of structure on the outer surface would lie 
modified by the fact of the unequal thinning of the glacial mass in consequence of the 
more rapid thawing towards its lower extremity, so that the existing external surface is 
no longer parallel to the longitudinal lines of motion. Consequently the outer surface 
would intersect the internal structural surfaces obliquely, and the superficial curves of 
structure would be changed from straight parallel lines to very elongated loops, but 
would never approximate to straight transverse lines, as they always do at the foot of an 
ice-fall. We may also observe that there could be no longitudinal development of veins 
along the axis of the glacier, as the immediate result of differential motion. Such veins 
could only exist by transmission, as will be explained in the next section, where I shall 
revert to the forms of the surfaces of greatest differential motion which have been here 
investigated. 

57. Modification of the Veined Structure arising from the Motion of the Glacier . — I now 
proceed, according to my intention as above expressed (art. 47), to examine the modifica- 
tions produced by the general motion of a glacier, on the forms and positions of the lines 
and surfaces of structure as originally produced by the immediate action of the causes to 
which they may be due. Such modifications as can be observed on the surface of a gla- 
cier, are principally due to the more rapid motion of its central portion ; the interior 
surfaces of structure must also be modified by the more rapid motion of the upper sur- 
face of the mass. In an ordinary canal-shaped glacier, it is manifest that the marginal 
curves of structure will thus be brought into more approximate parallelism with the sides, 
if originally inclined to them. This modification will be small. A greater one will be 
produced in the transverse structure, such as is usually found at the foot of an ice-fall. 
There the superficial curves of structure run almost directly across the glacier, by the 
motion of which they will be transformed into elongated curves, at distances from the 
fall sufficiently great, the elongation increasing with that distance. In a glacier, like 
the Aar, formed by the junction of two great tributaries, the modification of structure 
below their confluence will be more complicated. Let fig. 17 represent the glacier as 


Fig. 17. 
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before, and let ad, dV be two linos of marginal structure, representing the two systems 
of lines to which they respectively belong. A particle in the tributary glacier will move 
parallel to the side of the glacier till it arrives, for instance, at b, a point near the section 
O A, and will afterwards move parallel to the axis O X. When the particle at a arrives 
at O, suppose the particle which was simultaneously at b to have arrived at c, be being 
parallel to O X ; then will O c be the position in the united glacier of the physical line 
of structure which before occupied the position a b. But the velocity with which a par- 
ticle will move from b to c in the central part of the united glacier, will be considerably 
greater than that with which a particle will move from a to O along the side of the 
tributary. Consequently the distance b e will be considerably greater than ab, and O c 
will make a proportionately smaller angle with O X than a b makes with the side a O 
of the tributary. Hence, if the lines of marginal structure approximate to parallelism 
to the sides in the tributary, the same lines, forming those of the longitudinal structure 
in the central portion of the united glacier, will approximate still nearer to parallelism 
with each other and with O X. Subsequently this approximation to parallelism will 
decrease, since a particle will move rather faster along O X than along b c; but assuming 
always that the divergency is small in the marginal structure of the tributary, a simple 
calculation shows that it will not become considerable in the united glacier except at 
distances from -the junction equal to many multiples of the whole breadth of the 
glacier*. Such, at least, would be the case with the glacier of the Aar. If, on the 
contrary, the lines of marginal structure in the tributaries should make a considerable 
angle with the sides of the glacier, they would also make a. considerable, though 
smaller angle with the axis of the united glacier, and their inclination to that axis 
would afterwards increase more rapidly. 

Taking the opposite flank of the glacier, suppose two particles on the same line of 
structure to be simultaneously at a' and b'; and reasoning as before, 'suppose b' to have 
moved parallel to the side of the united glacier to d while a! moves to A. Then will 
A o' be the resulting position of the same line of structure, as previously occupied the 
position a 1 b'. In this case, however, V d will be nearly equal to d A, since the velocities 
along the margins of the combined glacier and the tributaries will probably be much 
the same. Hence the directions of the marginal lines of structure with reference to 
frie sides of the valleys, will be less changed than those of the longitudinal structure 
with reference to the axis OX. „ 

I have above supposed the absence of any transverse lines of structure on the central 
portion of the tributary glaciers. If, however, they exist so ns to complete the loops of 
the curves (mm 1 ) (fig. 17), they will of course also exist, by the transmission we are here 
assuming, in the combined glacier, in the forms of similar loops, as represented in the 
figure. 

58. If we compare the forms of the marginal structural curves in a canal-shaped 
glacier (represented in fig. 7, art 42), resulting from the immediate action of the forces 
# This calculation is founded on data supplied by M. Asabsic in his 1 Syst&me GUaciaire,’ p. 481. 
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producing them, it is evident that it will generally be difficult or impossible to recog- 
nize by observation the modification which may have been produced in them by trans- 
mission. The case of structure represented in fig. 9 (art. 45), if the real structure 
in a glacier were sufficiently developed and carefully observed, would afford a test as to 
whether the forms were original, or had been modified by transmission; for, in the 
latter case, the loops would never change by elongation into an absolutely longitu- 
dinal structure as represented in the figure referred to. But this test is far, at present, 
from being a practical one. Again, in the glacier of the Aar, if the structure were per- 
fectly developed, it would afford us the required test, as is easily seen by comparing 
fig. 17 and its completed loop in the main glacier, as transmitted from the tributary, 
with fig. 11 and the lines of longitudinal structure in the main glacier. If the glacier 
exhibited either of these structures complete, it would testify at once to the point in 
question. I am not aware, however, that the structure, to whatever cause it may be 
due, is sufficiently developed, or has been observed with sufficient care, to afford any 
positive testimony on the subject. The glacier of the Rhone, also, fails to afford us a 
practical test on this point; for the Curves of structure may there be accounted for 
either by supposing them instantaneously formed or transmitted from the fall where 
they originate. 

The supposition that the structural surfaces, at points of a glacier remote fromrthe 
place at which they commence, are merely the effects of transmission, involves the 
conclusion that the veined structure can only be originally formed under enormous 
pressure (according to the pressure theory), like that at the bottom of an ice-fall, and 
that, when once formed, it is difficult to obliterate. In this case it would seem that the 
transverse curves of structure formed at the bottom of a fall ought to be distinctly pre- 
served at a distance from it, as elongated loops extending completely across the glacier. 
I am not aware hdw far they are so, either in the case in which they proceed from the 
Talefre fall, for instance, on the Mer de Glace, or from that of the Geant. The glacier 
of La Brenva above cited (art. 49) seems to afford an example of the instantaneous 
generation of the veined structure under a pressure which may not be comparable with 
that immediately below the junction of the Aar tributaries ; and this same example at 
La Brenva seems also to afford an instance of a comparatively sudden obliteration of the 
structure where the immediate cause of it ceases to act. We may also remark that the 
marked and increased development qf the longitudinal lamination along the central 
moraines proceeding from the junction of two considerable glaciers, appears to indicate 
the local efficiency and instantaneous effect of the causes of the structure. But par- 
ticular cases of this kind require to be examined with greater accuracy of detail before 
we can derive from them any reliable inferences* It would seem most probable that the 
structure in any particular locality may frequently be due partly to the instantaneous 
action of physical causes, and partly to transmission. The question well deserves the con- 
sideration of those glacialist8 who may interest themselves about this curious structure 
of glacial ice, and the physical and mechanical causes to which it may be due. 
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I may make another remark on this doubtful question. The dirt-bands of the Mer 
de Glace, if Dr. Tyndall’s views respecting them should be proved to be correct, may 
afford the means, supposing their forms and positions sufficiently determinate, of de- 
ciding how far the loops of structure in the middle and lower parts of the glacier may 
be merely the original transverse curves at its upper end, modified by transmission, or 
may be attributable to the great transverse pressure to which that glacier must be sub- 
jected at certain points of its course. If the dirt-bands are entirely formed at the upper 
part of the glacier and are there coincident with the curves of transverse structure, and 
if they also remain coincident with them at distant points of the glacier, then, since the 
dirt-bands must necessarily be transmitted forms, the curves must almost necessarily be 
so likewise. Principal Forbes’s theory of the dirt-bands would not lead to the same 
conclusion. 

69. The Pressure Theory and the Differential Motion Theory of the Veined Structure 
compared . — The pressure theory of the veined structure, so far as it asserts the perpen- 
dicularity of such surfaces to the directions of maximum pressure, appears to be in perfect 
accordance with observed facts and mechanical deductions, whether the structure be 
marginal, transverse, or longitudinal. The transversal directions and approximate verti- 
cality of the structural surfaces at the bottoms of ice-falls, and the general existence 
of the structure wherever the glacier must, from the conditions under which it is placed, 
be subject to great pressure, are* also perfectly consistent with this theory. We may 
also remark that the evidence of facts in favour of it is in a great measure independent 
of the degree of efficiency which may ultimately be attributed to the transmission of the 
structural forms. I am not, indeed, aware of any leading observed facts of the veined 
structure inconsistent with this theory. 

With respect to the Differential Theory, the whole of the mechanical reasoning on 
which it is based is professedly popular, vague, and undemonstrative, and, I believe, as 
erroneous as such reasoning must almost necessarily be in cases as intricate as those 
which glaciers present to us, unless it be guided by an accurate conception and a careful 
analysis of problems which admit of more or less accurate solution, and are typical of 
those presented to us in nature. In the marginal structure, this theory could never agree 
with any very sensible deviation in the directions of the superficial curves of structure 
from parallelism with the sides of a canal-shaped glacier. The attempt to correct this 
defect by means of what has been called the Ripple Theory, will not now, I imagine, be 
maintained by any glacialist The constant existence of the veined structure under 
great pressure, and its comparative absence where such pressure cannot exist* are left by 
this theory without satisfactory explanation. It fails altogether to assign any direct 
cause for the great development of the longitudinal structure along the central moraine 
of compound glaciers like the Aar; for along the axes of such glaciers there cannot 
possibly be any differential motion which could produce it The only structure which 
could there exist must be a transmitted structure. 

But the most conclusive objection to the differential theory is to be found, as I believe, 
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in its total inability to account for the highly developed structural surfaces, their nearly 
vertical positions, and approximate perpendicularity to the axis of the glacier, at all 
points not far from its surface, and near to the bottom of an ice-fall (art 66). It appears 
to me inconceivable that any physical or mechanical effect (such as the lamination in 
question) really and primarily due to the difference of motion of contiguous particles 
should not manifest itself, if seen at all, in those directions in which the actual difference 
of motion is greatest. Assuming the truth of this conclusion, the structural surfaces 
must necessarily be such as above represented (art. 56). The investigation of the forms 
and positions of these surfaces depends only on the recognized motion of the glacier, and 
geometrical reasoning in which there can be no ambiguity. Now superficial curves of 
structure at the bottom of an ice-fall, as thus theoretically determined, are extremely 
elongated loops (art. 56 ); whereas it is one of the best-established of glacial phenomena 
that the actual superficial lines of structure at the foot of an ice-fall are nearly straight 
and perpendicular to the axis of the glacier. I maintain, therefore, that it is altogether 
impossible that the differential theory .can be true, unless the expression “ differential 
motion ” has a very different meaning from any which I have been able to attribute 
to it*. On the contrary, the pressure theory, so far as it asserts the perpendicularity 
of the structural surfaces to the lines of maximum internal pressure, appears to be in 
accordance with all the observations which have yet been made on the subject. 

Section VI. — On the Intensity of the Forces employed in dislocating and 

crushing the masss of a Glacier. 

60. We have seen that, according to the Pressure Theory, when a glacier is brought 
into a constraint which it can no longer resist, its structure, or the continuity of its mass, 
must be destroyed in one of the three ways already specified (art 28). It would seem 
probable that this is frequently effected by the crushing of the mass, the structure being 
immediately restored by regelation. But here arises the question, Whence do the 
internal pressures and tensions derive sufficient intensity to produce these crushing 
effects 1 The enormous weight of the mass of a glacier at once presents itself as the 
cause of the required intensity. But suppose, after the glacier has been broken and 
crushed, it should be instantaneously restored to perfect continuity of crystalline struc- 
ture under the pressure to which, in any part, it may at the moment be subjected; 
why should the pressure, apparently the same as that under which it had, the instant 
before, regained its crystalline structure, again destroy the continuity of that structure! 
The highest mountain does not crush the strata which form its base. Again, the super- 
incumbent weight can only produce any great effect at depths sufficiently great, whereas 

the effects of the internal pressures and tensions are exhibited in the most superficial 
• 

• "With respect to Principal Fobbxs’s conclusion, that a nearly horizontal force at the bottom of an ice- 
fall will produce a differential motion in nearly a vertical direction, I can only say that it appears to me so 
obviously opposed to the simplest conception of the action of such a force, as to be entirely inadmissible. 
It is unquestionably opposed to all accurate mechanical investigation on the subject (art. 68). 
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portions of the glacier, where the superincumbent weight can have no very sensible 
influence. These questions may be partly answered by a careful consideration of the 
theoretical explanations which have been given in the preceding pages ; but for their 
complete answer they require, I conceive, the recognition of a kind of motion which has 
been till recently so entirely neglected. I allude to the motion by which a glacier slides 
over the bed oh which it reposes (Sect. II. art. 7). I shall shortly proceed to explain 
the influence of this motion on the intensities of the internal pressures and tensions. 

Principal Fobbes was struck with this difficulty respecting the adequacy of the internal 
forces to produce the crushing effects ascribed to them, and the consequent mobility of 
the component particles inter se, though, regarding ice as viscous, the difficulty may 
naturally be supposed to have appeared less to him than if he had regarded it as a solid 
substance. He puts the difficulty in the following form*: — ■“ Were a glacier composed of 
a solid crystalline cake, fitted or moulded to the mountain bed which it occupies like a 
lake tranquilly frozen, it would seem impossible to admit such a flexibility or yielding 
of parts as should permit any comparison to a fluid or semifluid body transmitting 
pressure horizontally, and whose parts might change their mutual position, so that one 
part should be pushed out whilst another remained behind.” The difficulty as thus 
stated is equivalent to that above mentioned. Principal Fobbes meets it as follows 
44 But we know in point of fact that a glacier is a body very differently constituted. It 
is clearly proved by the experiments of Agassiz and others, that a glacier is not a mass 
of ice, but of ice and water, the latter percolating freely through the crevices of the 
former to all depths of the glacier ; and as it is a matter of ocular demonstration that 
these crevices, though very minute, communicate freely with one another to great 
distances, the water with which they are filled communicates force also to great distances, 
and exercises a tremendous hydrostatic pressure to move onwards, in the direction in 
which gravity urges it, the vast porous crackling mass of seemingly rigid ice in which it 
is, as it were, bound up. 

44 Now the water in the crevices does not constitute the glacier, but only the principal 
vehicle of the force which acts on it ; and the slow irresistible energy with which the icy 
mass moves onwards from hour to hour with a continuous march, bespeaks of itself a 
fluid pressure. But if the ice were not in some degree ductile or plastic, this pressure 
could never produce any, the least, forward motion of the mass. The pressures on the 
capillaries of the glacier can only tend to separate one particle from another, and thus 
produce tensions and compressions, within the body of the glacier itself which yields, 
owing to its slightly ductile nature, in the direction of least resistance, retaining its con* 
tinuity, or recovering it by reattachment after its parts have suffered a bruise, according 
to the violence of the action to which it has been exposed.” The Author again remarks 
(p. 167), 44 If it were not for the capillarity of the ducts, it is plain that no effect!^ 
hydrostatic pressure could be developed at all ; the flow being equal to the supply, no 
part of the vis viva would be expended in producing internal pressures.” 

* Occasional Papers, p. 165. Bee also a memoir in the Transactions of the Boyal Society for 1846, Part 3H. 
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61. The author of the preceding extracts would appear, I think, to have somewhat 
mistaken the nature of the problem to be solved. He asserts that if a glacier were 
traversed by a great number of small tubes or ducts filled with water, an enormous hydro- 
static pressure would be the consequence. Now it is absolutely necessary for me to 
examine strictly the correctness of this conclusion ; for, if it be true, it would be useless 
to seek for any cause which should give efficiency to the internal pressures, besides the 
hydrostatic pressure to which it is here attributed. I shall show, however, that this 
conclusion is not correct, and that the efficiency of the dislocating forces is derived, as 
above intimated, from the sliding movement of the glacier. The existence of the above 
assumed capillary ducts, as pervading the more compact parts of a glacial mass, appears 
to be rendered doubtful by the experiments of Professor Huxley*, though the observa- 
tions of M. Agassiz undoubtedly prove their existence in certain superficial portions of 
the glacier of the Aar. But waiving any doubt of this kind, let us suppose the interior 
of a glacier completely pervaded by these tubes or ducts, extremely small, but sufficient 
to allow fluid pressure to be communicated freely through them, as Principal Forbes 
has assumed. When the supply at the upper surface of the mass is regular, the motion 
of the fluid will become steady ; and such I shall suppose it to be in the typical case I 
propose to analyse. We may first confine our attention to a single lube. Suppose the 
area (<u) of its transverse section at any point P to be variable, but always very small, 
and is to denote the length of a small element of the tube ; then will cubs be the volume 
of the element, and, if the density of the water be denoted by unity, it will also repre- 
sent the mass of the water in the element is of the tube. Let the velocity at P, any 
point in the tube, be v , which I shall assume to be the same for each particle in the sec- 
tion («). The motion will be retarded by the friction of the sides of the tube; let/a&s 
be the retarding force on the element at P. Also let p be the fluid pressure at P ; and 
let the coordinates x, y, z of that point be taken as heretofore; then will z be very 
nearly vertical, and we shall have, resolving gravity in the direction of the tube, 


or 


ubpz=zg.wbs.^ — f.vbs — ^ . ubs, 
bp=gbz—fbs— ^bs; 


or, since the motion, by hypothesis, is steady, 


dPs do 

and therefore we have 

P+Q=gz-J'fds—\v t . 

Let p^ Si and v x be the values of p, z, s, and v at the point where the tube meets 
fhe surface of the mass. Then 

( 1 .) 

where p x is the atmospheric pressure. 


.* Se e Dr. Tysjuix’s ‘ Glaciers of the Alps/ 
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Also, since the same quantity of the fluid must pass through each transverse section 
of the tube in the same time, we must have 


and therefore 


w—vm, 


Let us interpret the above equation in different cases. We may first suppose the 
absence of all friction as a retarding force. We shall then have 


and if the section ( u ) of the tube do not contract so rapidly as to impede the motion of 
the water, the velocity acquired at the depth z will equal that of a body projected with 
velocity and falling freely by the action of gravity through the space z—-z 1 . We 
sHall therefore have 


and therefore p—p x the atmospheric pressure, as if the tube were occupied by air. 
The least value of for any value of z in this case will be given by 


2g{z-s x ) 


.a/: 


If v satisfy this condition for all values of z, the column of fluid will just fill the tube 
without its motion being impeded, while the pressure on the tube, as just shown, will 
be the atmospheric pressure jp,. But suppose u to decrease, below a given section (Q), 
more rapidly as a function of z than is implied in the above equation. The motion of 
the fluid above the section Q would manifestly be retarded, and the retardation could 
only be due to the upward fluid pressure at Q being greater than the atmospheric pres- 
sure j), at the top of the tube. In like manner the increased downward fluid pressure 
at Q would accelerate the motion of the fluid immediately below that section. Any 
number of similar variations of a, with consequent variations of velocity and fluid pres- 
sure, might take place, subject to the above condition that the tube shall always be full. 
The fluid pressure at any point cannot be less, but may be greater than p v 

In this reasoning the tube is supposed to be independent of any other; but now 
suppose it to be confluent with a second and similar tube. At the point of junction we 
must have the condition that the pressures in the two tubes must be equal. This con- 
dition will be always satisfied, at whatever points in the surface of the mass the tubes 
may originate, provided each tube be such that the fluid pressure in it (as in the first 
case above explained) shall be equal at every point to the atmospheric pressure p x . In 
such case water might pass from the upper surface through the mass, along any number 
of smooth tubes like those above described and communicating freely with each other. 
mdcoclxii. 5 H 
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The pressure in any tube would cause no reflux of the water, or other disturbance in a 
confluent one, because the pressures in them would be equal ; but it must be carefully 
observed that there would, in this case, be no internal fluid pressure greater than that 
of the atmosphere, and therefore none capable of producing any effect in expanding 
the general mass, and urging it onwards. But if, on the contrary (as in the second case 
above explained), the tube be such that the pressure in each tube considered separately 
should be greater than jp„ the condition of an equality of pressure at the point of con- 
fluence of any two tubes would not be generally satisfied, and the whole motion would 
be interfered with. If the pressure p in any number of tubes became great, it would 
manifestly produce a reflux in any confluent tube in which the pressure was smaller, and 
a consequent outpouring of water from every pore and crevice on the surfaoe of the 
lower regions of a glacier. Such, in fact, must necessarily be the case wherever there 
is an internal fluid pressure much exceeding that of the atmosphere, and where all parts 
of the mass are permeated by ducts of any kind through which water can flow out- of 
the mass with little impediment. 

Hence it appears that if the internal ducts were such as not to impede the currents 
passing through them by means of friction, or any kind of capillarity, there might indeed 
be large internal pressures, but they would necessarily be accompanied by overflowings 
from the superficial pores and crevices in many parts of a glacier. But such a pheno- 
menon would be entirely opposed to all observation ; and it is this which constitutes the 
proof that there can be no great fluid pressure in the interior of a glacier due to water 
contained within it in tubes which exert no sensible retarding effect by friction on the 
water running through them. This conclusion agrees with that expressed by Principal 
Forbes in the last of the preceding extracts ; but the reason assigned is very different. 
The absence of great fluid pressure within the glacier in such case is not due to the 
absence of capillarity, but to the particular condition of its ducts and crevices being open 
in every part of the bounding surface of the mass. There can be no expenditure of vis 
viva in producing pressure on a smooth surface, as is well known, though such pressure 
must necessarily be produced in the case before us, as in all cases of constrained motion 
when the constraint is produced by the action of such surfaces. The fact of no vis viva 
being lost does not imply that no internal pressure would be produced. 

62 . But let us now turn to the far more important case in which the passage of the 
water through the small ducts of any mass, as that of a glacier, is impeded by the 
friction of the sides of the ducts. It follows, as shown in the preceding explanation, 
that, since in actual cases there is no overflowing of water from the pores and crevices, 
here assumed to pervade one part of the mass as well as another, the fluid pressure in 
all confluent ducts at the point of confluence must be the same, and, therefore, inde- 
pendent of the height above that point at which each duct may meet the external 
surface of the glacier. This pressure, when the surface is exposed to the atmosphere, 
can be only the atmospheric pressure. Hence it follows in tins case, as in the previous . 
one, that there can be no internal fluid pressure greater than that of the surro undin g 
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atmosphere, and such, therefore, as can exert any influence in expanding the mass, and 
promoting its onward motion. It will act on the interior of the mass in directions 
normal to the tubes. Bat there is another force also, friction, acting on the mass of the 
glacier in this case, in directions tangential to the tubes, the magnitude of which requires 
to be considered. It retards the motion of the fluid, acting equally on the fluid and 
on the sides of the tubes containing it in opposite directions. Now in the case before 
us,y>=2>„ the atmospheric pressure, and, therefore, by equation (1.), art. 61, 


and differentiating, 


and 


f H fds=g(z-z l )—±(v i -v]); 
y. ds . dv * 


J] ^ d8 ‘ ds~~\f 9 

where/* fads is the whole retarding force of friction in any one of the tubes whose 


length =s, (art. 61J, and is therefore the amount of friction produced by the water on 
the sides of the whole tube. 

To find the value of the last term in equation (2.), we have (the duct being always 
full) 

t (3.) 


where u x is the value of u when s=0 and v—v x . Therefore 


*r* = _LJ 
v «« ’ 


V 3 a > 3 


dv 2 2»*eo® dot 

ds eo 3 ds ’ 


and 


dv * v 

ds 






OT 


Now we may venture to assert that when water descends through exceedingly minute 
ducts in the manner here supposed, the velocity with which it will permeate the lower 
portions of the mass will be much the same as that with which it will pass through the 
upper portion. Assuming this, we shall have by equation (3.) and the value of 

the above definite integral will =0. Hence, by equation (2.), we have 




•* » 

gads is the weight of an element of the water in the tube, and gvds. ^ is a force less 

than that weight Consequently the definite integral on the right-hand side of the last 

6 h 2 



736 


MB. HOPKINS ON^THE THEORY OP THE MOTION OP GLACIERS. 


equation expresses a force less than the weight of the whole fluid contained in the tube ; 
and if we call this last weight W„ that equation shows that the entire effect 'of the 
friction, estimated in the tangential direction in which it acts at each point of the tube, 
is less than W t . 

Again, let iX, be the part of the friction on any element of th* tube, resolved parallel 
to the axis of x ; then 


l iX, =/«&.£, 


similarly, we have 



dtV dv dz 

Since and are each less than unity, it follows that X„ Y„ and Z x are each lesi 

than W, ; and if, taking all the tubes, . 

X^.+X^-f&c., Y=Y,+Y s +&c., Z=Z,+Z 9 +&c., W=W,+W s +&c., 


we shall have X, Y, and Z each less than W, the weight of ^ter in the whole mass o: 
the glacier. 

The internal pressure Z will tend to elevate the upper surface of the glacier; th( 
pressure Y will be equilibrated by the pressures on the opposite flanking walls of the 
glacial valley. To interpret the meaning of X, we may suppose the vertical section oi 
the glacier near its origin to be immoveable ; then will the pressure X tend to urge 
onwards the whole mass in the direction of the containing valley, where there is nc 
barrier to oppose its action. 

To form a conception of the magnitudes of the pressures X, Y, Z, we may remark that 

the water in our supposed tubes must almost necessarily descend through the mass 

• • dz 

in approximately vertical directions. Admitting this supposition, will nearly equal 


unity, and Z, will nearly equal J* guds, or nearly the weight of the fluid contained in 

the single tube. Consequently the whole vertical resolved part of the friction =Z= 
approximately the whole weight of the fluid contained in the glacier. Y will be equal 


only" to a small portion of W, because in the case we have taken, will be very small ; 


and X will be also very small, because will be so. And thus it follows that the whole 

internal pressure, arising from the friction on the sides of the small ducts through which 
the water descends, and tending to urge the glacier forwards, cannot exceed a small 
fraction of the weight of the water descending through its pores, and this latter weight 
again must doubtless be an exceedingly small fraction of the weight of the glacier. 
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63. It appears, then, from these explanations, that there will be at every point (P) 
of every duct, two internal forces, the fluid pressure p acting normally, and the friction 
acting tangentially at that point on the sides of the tube. But assuming these small 
ducts to pervade the superficial as well as the inner portions of the mass, the fluid 
pressure p can never much exceed the atmospheric pressure, which, acting externally, 
will very nearly counterbalance it; and this will be true whether the motion of the 
water in the ducts be impeded by friction or not. Also the whole resolved part of fric- 
tion acting on the ducts, in the direction of the general motion of the mass, must be 
very small compared with the weight of the whole percolating fluid. Neither of these 
forces, therefore, can have any sensible influence in augmenting the onward, motion of 
a glacier^ compared with other forces which, as I shall shortly explain, tend to produce 
that effect. 

64. In the preceding explanations I have spoken of the retardation of the motion 
of a fluid in small ducts, as due to friction rather than capillary action. Capillarity, 
when it exhibits itself in the form under which it is more usually contemplated, acts in 
a manner totally different to that in which friction acts. We know that a column of 
water, or of other fluids, of a certain length may be supported in a vertical tube of 
sufficiently small bore, by the attractions between the particles of the fluid, and the 
attraction between tfye fluid and the tube. These attractions produce the capillarity of 
the tube. If, however, the tube be perfectly full, whether the fluid be at rest or in 
motion, its capillary action on the fluid will counteract itself, and will produce no effect 
sensible to observation. It is only when the tube is partially empty that a part of the 
capillary action on the contained fluid is uncompensated, and exhibits itself in the 
column of fluid which it is capable of supporting. These partially empty tubes cannot 
properly belong to a system of tubes, like those of a glacier, which serve as ducts through 
which the water is constantly running, and which must therefore be constantly full ; at 
all events, the number of tubes exhibiting the effect of capillarity as above described 
must probably be extremely rare in a system of ducts like those of a glacier. Supposing 
such tubes, however, to exist, we proceed to explain their effect in producing internal 
pressure. 

Let A E F B be a section of the capillary tube made by a plane Fig. 18. 

through its axis, the tube being considered cylindrical and vertical. 

Let E D F be the level of the surface of the external fluid, which 
we may suppose to be water, and into which the lower end of the 
tube is placed. Also let A C B be a section, by the above plane, 
of the surface of the water maintained in the tube by capillary 
action. Our object is to ascertain whether this water will produce 
any pressure on the sides of the tube tending to thrust them outwards, and thus pro- 
duce an expansion of a solid mass in which any number of such capillary tubes might 
exist. 

For this purpose we must consider how the column of water in the tube is supported. 
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Now, manifestly, the atmospheric pressure, acting equally in all directions, can contri- 
bute nothing to this 'effect ; nor can there be an upward pressure on the base E F of the 
raised column of water ; for the pressure at any point of that base can only be equal to 
that at any point in the surface of the external fluid, which, neglecting the pressure of 
the atmosphere (as we may do from what has just been stated), will be zero. Again, 
the resultant attraction of the tube cm any single particle of the fluid must be in a 
direction perpendicular to the surface of the tube, and must therefore be horizontal* 
Consequently it can produce directly no force on the particle or on the whole mass of 
the fluid column in a vertical direction. The direct effect of gravity, on the contrary, 
is to drag the whole column of water downwards, and the leading point in the problem; 
of capillary action is to explain how this tendency of gravity is counteracted. 

In a question like this, which is merely subsidiary to the general problem treated on 
in this paper, it must suffice that I quote those results which are familiar to every one 
acquainted with the ordinary investigations respecting capillary action. Now it is 
shown by such investigations that the fluid column A E F B is supported (so far as regards 
any vertical action upon it) in the same manner as if it were suspended freely from an 
infinitely thin and perfectly flexible membrane accurately coinciding with the actual 
surface ACB, the particles of the fluid being supposed to adhere to the membrane and 
to each other by virtue of the cohesion or attraction between theqi, without which, in 
fact, the ordinary phenomena of capillarity could not exist. 

If the column of water in the tube were entirely supported by an upward pressure 
on its base E F, then would gravity produce a pressure on any horizontal section Q M P, 
the whole amount of which would be the weight of the portion of the column above it, 
and there would be a corresponding pressure on the inner surface of the tube at P and 
Q, tending to push it outwards ; but if the column were supported, as above supposed, 
at its upper surface, gravity would produce a tension at the horizontal plane Q M P, the 
whole amount of which would be equal to the weight of the fluid between Q P and the 
base EF. Thus the whole column would be in a state of longitudinal tension , and 
therefore also, by the fundamental property of fluids, in a state of horizontal tension — 
i. e. the action between the fluid and the inner surface of the solid tube, instead of being 
a pressure, must be a tension , supported by the mutual attraction between the particles 
of the solid and those of the fluid, supposing the contact between them not to be broken. 
This must be the direct effect of gravity in the actual case; and so far, therefore, its 
tendency is to contract and not to enlarge the diameter of the tube. 

Thbre are other causes, however, by which action may be produced between the tube 
and the contained fluid. First, a pressure will necessarily arise from the mutual attrac- 
tion between the tube and the fluid ; but here we have the action of the fluid on the 
tube, and the reaction of the tube on the fluid, the one tending to pull the surface of 
the tube inwards, and the other to push it outwards. The action and reaction thus 
counteract each other, and the pressure thus produced can manifestly have no tendency 
either to expand or contract the tube. 



MR. HOPKINS ON THE THEORY OP THE MOTION OP GLACIERS. 


739 


Again, in any actual case of a fluid sustained in a capillary tube, the inner surface of 
the tube will not generally be a surface of free equilibrium like the upper surface of the 
fluid itself; and therefore there must necessarily be some action between the tube and 
fluid, should they remain in contact, even if there were no attraction, like that just con- 
sidered, between them. Now it can be shown, according to the fundamental principles 
on which the theory of capillarity is founded, that in all cases resembling the one we 
have been considering, the action in question must be equivalent to a tension on the 
inner surface of the tube. Hence this action, as well as that due to gravity, produces 
forces on the tube which tend to contract and not to expand it, while the mutual attrac- 
tions of the tube and fluid produce directly neither the one tendency nor the other. 
Consequently the general tendency of capillary action in the interior of a glacier will 
be to contract and not to expand its dimensions. The contrary notion has probably 
arisen from the idea that gravity would produce a pressure on the interior surface of a 
capillary tube like that which it produces in a tube of larger dimensions. The fluid 
which may exist in these capillary tubes will, of course, add its own weight to that of 
the glacier, an addition probably too insignificant to produce the slightest sensible 
influence. 

65. There is something so plausible at first sight in the idea of a great internal fluid 
pressure within a glacier, due to the water percolating through it, or suspended within it 
by capillarity, while additional weight has been given to this notion by the advocacy of 
the author of the Viscous Theory, that I have thought it essential to enter info more 
details on the subject than I should otherwise have deemed necessary, in order to 
prove the fallacy of the conclusions which have been deduced from erroneous views 
respecting it. 

I now proceed to explain how the intensity of the internal forces is increased by the 
sliding movement of the glacier. 

66. Effect of the Sliding of a Glacier on the Internal Pressures and Tensions. — It has 
frequently been objected to the sliding of a glacier, that the inequalities along the sides 
of the containing valley would effectually prevent such motion. This objection, how- 
ever, will be entirely obviated, if we eliminate the uncertain and irregular opposing 
forces arising from local lateral obstacles, by substituting for the sides of the glacial 
valley two imaginary vertical planes near and approximately parallel to them, so that 
we shall thus have the tangential action of ice along these planes as the retarding force 
on the general mass of the glacier, instead of the action of the walls of the valley. The 
greatest magnitude of this retarding force must be equal to the greatest tangential cohe- 
sive power, of the ice. This is, in fact, the greatest force which the walls, however irre- 
gular, could possibly exercise in opposing the sliding past them of the general mass of 
the glacier. To simplify our problem as much as possible, I shall also first suppose the 
glacier of uniform width and thickness, and the inclination of its bed to be likewise 
uniform. We may then oonsider A and B each =0. I shall also suppose C=Q, and 
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E=0, as well as D=0. We shall thus have (art. 29 (1.)), 

i>i=F, i> a =— F, 

tan 2a=oo . 

F will vanish along the axis of the glacier, as we have seen, and will have its greatest 
value along the imaginary vertical planes by which we here consider the moving mass 
as effectively bounded along its lateral margins. Let its value along these planes be F,. 
If we suppose, as we may in this approximation, that every particle in the same vertical 
line moves with the same velocity, F, will be ‘the same for every point of the bounding 
lateral planes. Moreover, let the tangential action exercised by* the bed of the glacier 
on its lower surface be denoted by /. Let us now conceive the mass to be placed in a 
position of no constraint. It will immediately assume a position of constraint by virtue 
of its small extensibility, and, provided the internal forces p„ and F are insufficient 
to dislocate the mass along the lateral vertical planes (where their magnitudes will be 
the greatest), the glacier will be held at rest in its state of constraint by the external 
forces acting upon it. Now F, and f being referred to a unit of surface, if a, b, c be 
the length, breadth, and depth of the glacier, we shall have 

The tangential force on each flank = F x ac> 

The tangential force on the bottom z=.f x ah, 


and th£se must be in equilibrium with the weight of the mass on the plane whose incli- 
nation is i. Hence if u be the weight of a unit of volume of glacial ice, we shall have 

2Y x ac-\-f x (tb=:mbc sin /, 
and f 

F,= j|a>0 sini— ■/, *j- 

Suppose F to denote the tangential cohesive power of the mass. Then, if 

F 1= F, 

the glacier will be just on the point of dislocation ; and if F, exceed F in the smallest 
degree, the mass will be dislocated along the lateral planes and move onwards. 

We have shown (art. 8) that the effect of/, to hold the mass of the glacier at rest is 
extremely small ; consequently it may be neglected in the above equation, and we shall 
then have 

F,= £<v#sin /. 


If the lower surface of the glacier were firmly frozen to its bed, we might have/,=F„ 
and therefore 



co b sin c 



c 


c is properly the depth of the glacier along its flanks, so that - may be large. 

Hence we see that F, may become much greater when/, is very small, than if it were 
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nearly =F,. Consequently F, will be much more likely to attain the magnitude F, suffi- 
cient to dislocate the mass , if the glacier slide over its bed as described in art. 8, than if it 
were attached to its bed so as not to slide at all , and its whole motion should be that due 
to the molecular mobility of its particles alone. 

The above equation expresses the condition of the mass beiflg on the point of disloca- 
tion in terms involving the tangential cohesion ; it will be easy to express it in terms of 
the normal cohesion. Generally, instead of the forces A, B, F acting on any element, we 
may substitute the forces p 2 (art. 29), acting in their proper directions as determined 
by the values of a. Let fig. 19 represent one side of the glacier with the lateral 
plane B II ; then, since at any point (R) Fig. 19. 

in that plane />, = F„ p. 2 = — F„ and >- 

tan 2a = oo, we may substitute for F, 
acting tangentially along R B, two other B 
forces, viz. a tension =F, along R M, and 
a pressure = F, along N R, both directions 
making angles of 45° with B It. Conse- 
quently an equal tension and pressure similarly applied at each point of the lateral 
vertical planes, would by hypothesis balance the tendency of the mass to descend in the 
direction B R. Now F, acting at an angle Q on B R will produce a force =F, cosd on a 
unit of surface of B R. Therefore the tension F, acting along R M will produce a force 
on the same unit, of which the resolved part along R B will 

=F, cos 45°. cos 45°, 

2 ' 

Similarly, the pressure F, along N R will produce a force the resolved part of which along 
F. 

RB will also =y. These together =F„ and the whole supporting force on the two 

lateral vertical planes will — ( 2i\ac, F, being now the measure of a pressure or a tension 
acting normally on a unit of surface. Therefore 

2Y x ac~uabc sin/, 

and b 

F, =<w | sin /. 

Consequently a glacier like that we have been considering, will necessarily be dislocated 
by its own weight resolved along the plane of its bed, if its normal cohesive power be 
less than the weight of a column of glacial ice whose transverse section is unity, and 
whose length = semiwidth of the glacier multiplied by the sine of the inclination of 
its bed to the horizon. If the glacier were a mile wide and its inclination about 5°, it 
would be necessary, in order that it should not be dislocated, that its cohesive power 
should be such that a vertical cylindrical column of glacial ice about 200 feet long 
should be capable of supporting itself when suspended by its upper extremity. This 
would be the measure of the greatest tension _p,(=F,) at any point along either of the 
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lateral vertical planes, which could be produced under our assumed conditions. If the 
cohesion were less than this, the mass would necessarily be ruptured in some way or 
other in its marginal regions. The above, however, is only the lowest limit to which 
the force F l would attain. For let a represent the length of a given portion only of a 
glacier, such that at the lfcwer transverse vertical section of that portion, the longitudinal 
tension shall be greater than at the higher bounding transverse section, instead of being 
equal to it as above supposed. It is manifest that F, will be increased along the lateral 
vertical planes of that portion of the glacier. Such will also be the case if the same 
portion of the glacier be acted on by a longitudinal pressure on its higher transverse 
bounding section, greater than that on its lower one. There would generally, in such 
cases, be a much greater effort to overcome the cohesion (F) of the mass along the 
lateral vertical planes than in the case previously considered. If the valley of the glacier 
contract somewhat rapidly, the longitudinal pressure may be enormously increased on a 
given portion of the glacier by the action of ihe mass behind it, and this increased action 
will manifestly depend very much on the facility with which the mass behind slides over 
its bed. 

It may be well to take another numerical example in which the conditions are similar 
to those of the example given above. Let the glacier be something less than half a mile 
broad, and its inclination about 3°. Then it appears, from the above expression for F„ 
that dislocation would not take place, provided the cohesion of the mass were not less 
than the weight of a column of ice of about 60 feet long, instead of 200 as in the former 
example. This supposes the mass to slide freely over its bed, and the longitudinal 
pressure or tension to be the same behind as before; but if we suppose the mass to 
adhere to its bed, that adherence will help the tangential action along the lateral vertical 
planes to support the mass. Consequently the force F, called into play might be much 
less than the weight of a column 60 feet long, and might not be sufficient to overcome 
the cohesion F, in which case the motion of the mass would be arrested. This conclu- 
sion would be strictly applicable only to our typical glacier, but is sufficient to explain 
how, in the actual case of a glacier, the facility of its sliding may increase its power to 
overcome the obstacles to its motion by the fracturing of its mass. 

I have chosen the simplest cases for the purpose of more easily explaining the manner 
in which the sliding of a glacier increases the dislocating power of the forces acting upon 
it. In the more complicated cases, in which C and E are taken into account at consider- 
able depths, we shall obtain greater values of the tearing and crushing forces p, and j?,. 
It is the latter which will be principally increased at greater depths. Still it must not 
be supposed that the mere increase of weight can explain the apparent difficulty already 
suggested (art. 60), viz., Why, when the mass has been crushed and then immediately 
regealed under the existing conditions at any proposed point, it should again be crushed 
at the same point. This second crushing does not, in fact, take place under the same 
pressure as that under which the regelation took place. This latter process occurs when 
the pressure depending on the angular distortion of the element, or on the force F, has 
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been destroyed by the previous crushing i and then the angular distortion, the force F, 
and the increase of the maximum pressure are reproduced, and the mass is crushed again. 
We thus understand how the alternate processes of crushing and regelation must be 
repeated when the mass is in motion, though the weight alone of the mass, however 
great, might not, and probably would not, if unaided by the distortion arising from the 
motion, be sufficient to crush any even the lowest portions of the glacier, any more than 
the superincumbent weight of a mountain crushes the lower portion of the strata which 
compose it. We have seen how this power of distortion is increased by the sliding of 
the glacier. 

It is thus that I conceive the process of regelation in glaciers to be intimately united 
with their uniform sliding movement. Both these properties are proved to belong to ice 
at the same particular temperature (that of freezing), by clear and conclusive experi- 
ments, and form, as I have endeavoured to show, the foundation of a theory which 
explains all the principal observed phenomena in the motion of glaciers, without assign- 
ing to ice any property, like viscosity accurately defined, which it cannot be experiment- 
ally proved to possess. In the introduction to this paper I have shown that the pro- 
perty of regelation is totally distinct from that of plasticity or viscosity, if by either of 
those terms it is intended to designate a determinate property of bodies distinct from 
that of solidity. All the experimental elucidations which have been given of the 
Viscous Theory have been drawn from bodies, such as moist plaster of Paris, tar, treacle, 
unconsolidated lava, &c., all of which may with strict propriety be termed plastic or 
viscous ; but I maintain that ice possesses no property which at all assimilates it to those 
substances. I have shown that the apparent plasticity of ice, as manifested in the com- 
pressions of glaciers under great pressure in the course of their motion, is no determinate 
property of ice at all, but a consequence of its fracture and regelation. Still, differing as 
I do from the author of the Viscous Theory, I consider the scientific world largely 
indebted to him for his unwearied researches respecting glacial phenomena, for the large 
amount of general and detailed knowledge which he has communicated to us, and the 
interest with which he has helped to invest the subject. Moreover, though he may not 
have been the first to observe that fundamental character in the motion of a glacier 
which consists in the more rapid motion of its axial portions, he was the first glacialist 
whose mind was thoroughly imbued with the necessity of recognizing the influence of 
molecular mobility in the mass of a glacier on its general onward motion. In like 
manner, though not absolutely the first to observe that interesting and characteristic 
structure of glacial ice, the veined structure, he was doubtless the first to recognize the 
existence of law in that structure, and its consequent importance as indicating the opera- 
tion of causes physical or mechanical, or both, with which we were entirely unacquainted. 
In all this, Principal Forbes has contributed largely to the sound progress of glacial 
science, and his labours must always be highly appreciated. Beyond this boundary, he 
stepped into the region of speculative theory ; and it appears to me, as may be seen from 
much I have said in this paper, that he did so without any distinct definition of the 

5 i 2 
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fundamental physical principle on which his Viscous Theory rested, and without the expe- 
rimental verification which it demanded, and, moreover, without the guidance of those 
more refined and exact mechanical researches without which I am sure we can see our 
way but dimly through the more complicated of those problems which glacial theory 
presents to us. Hence it is that I have been led to dissent from most of his speculative 
views. That dissent has been unreservedly expressed in this paper, and therefore it is 
that, in concluding it, I would bear testimony to what I consider the great and legiti- 
mate claims which the author of the Viscous Theory (however we may differ from the 
theory itself) has established to be regarded as one of the leading promoters of glacial 
science. 


After the greater part of this paper was written, a very interesting memoir by the 
Master of the Mint, “ On Liquid Diffusion applied to Analysis,” was brought under my 
notice. He there speaks of the “ colloidal condition of matter ” (of which gelatine seems 
to affbrd the type) as opposed to the “ crystalloidal condition.” He remarks (Philoso- 
phical Transactions, Vol. 151, Part I. 1801), “ Ice itself presents colloidal properties at 
or near its melting-point, paradoxical though the statement may appear.” Again, “ Ice, 
although exhibiting none of the viscous softness of pitch, has the elasticity and tendency 
to rend seen in colloids.” “ It further appears to be of the class of adhesive colloids. 
The redintegration (regelation of Faraday) of masses of melting ice when placed in 
contact, has much of a colloid character. A colloidal view of the plasticity of ice 
demonstrated in the glacier movements will readily develope itself.” 

These passages were written without any direct reference to glacial questions ; but it 
occurred to me that a glacialist might possibly put constructions on them unfavourable 
to the views I have expressed respecting the solidity of ice, and the absence in that sub- 
stance of any property which could, according to my own definition of the term, be called 
plastic. Consequently I wrote to the author requesting him to give me some further 
elucidation of his views on one or two points bearing on my own definitions and explana- 
tions. I proposed to him the following questions, to which he kindly gave me the 
subjoined clear and explicit replies. 

(1) “Is the tendency to a colloidal character in ice, as opposed to a vitreous, crystal- 
line brittle structure, sufficient to interfere materially with the restitution described*, by 
giving the ice a greater degree of plasticity 1” Mr. Graham’s answer was, “I believe 
not. A colloid, on the contrary, is often as nearly perfectly elastic as possible. Take 
the gluey material used to form the roller by which ink is applied in book-printing, as 
an illustration of the elasticity of a colloid, with the entire absence (apparently) of true 
plasticity or viscosity.” 

(2) “ Will the colloidal state of ice at temperature = zero (C.) materially modify the 
modus operandi (assuming the ice to be solid), rendering it approximate to the process 
which would take place supposing the mass to be plastic 1” Mr. Graham replies, 

* See art. 1. 
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“ Quite the contrary. The only influence to be looked for from the colloidal state would 
be greater elasticity* — that is, the matter would be likely to yield more befcfre rending or 
breaking, supposing it to be colloidal, than if it were crystalline. Your mechanical con- 
ception of the modus operandi in the fracture of a solid (not plastic) applies equally well 
to a crystal or colloid. I go entirely with you up to that point.” 

Mr. Graham further remarks, “ Colloidality is invoked chiefly with the view of account- 
ing for the ready reunion, the redintegration as I have called it, of fragments of ice 
brought into contact with each other. It is a very general (perhaps universal) character 
of colloids to adhere and reunite when two masses are pressed together. In fact all our 
adhesive substances, gum, glue, starch, &c., belong to the class of colloids. Even glass, 
which is a colloid of fusion, shows the adhesive character, two sheets of polished plate 
glass often adhering so thoroughly as to tear up each other’s surface when forcibly sepa- 
rated. Another colloid adhesive like ice, is fused phosphoric acid — ‘ glacial ’ phosphoric 
acid as it is called, in prescience, one might imagine, of this discussion ! No such adhe- 
sive property is ever found in crystalline surfaces, so far as I am aware. It is qua colloid 
that ice appears to be adhesive. The discovciy of Faraday’s, of the adhesive quality of 
ice, is the fundamental fact of the glacier discussion. The name ‘ regelation ’ applied 
to it may, however, be objected to, being quite speculative, and implying, as it appears 
to do, that two pieces of ice come to be cemented together by the freezing of a film of 
water between them, instead of simply adhering perfectly and uniting as two pieces of 
plate glass might do. The great fact, however, remains, and the name is but a trivial 
matter.” * 

I also thought it right to inquire of Mr. Graham the exact meaning he intended to 
attach to the word “ demonstrated ” in the last sentence of the above quotation from his 
memoir. A glacialist might possibly, I thought, if so disposed, interpret it as meaning 
“ proved ” or “ fully established.” In his answer Mr. Graham says, “ For ‘ demon- 
strated ’ I should have said ‘indicated’ as you suggest.” He also remarks, “You will, 

I am certain, do good service in the glacier discussion by the precision you introduce 
into the terminology of the subject*. I accept without reserve your definitions of plas- 
ticity, &c. In the passage you quote from my paper, I had spoken of ice as plastic in a 
more general sense, as plasticity is understood, I apprehend, by Professor FoRBEsf. A 
solid was looked upon as plastic of which the form can be remodelled anyhow — by 
fracture and reunion, as well as in consequence of viscosity.” 

These views of the Master of the Mint arc so explicitly and clearly expressed that 
they need no comments on my part, beyond the expression of the high gratification I 
derive from the coincidence of the opinions stated in his letter with those which have 
been put forth in this memoir. 

* * I had communicated my definitions to Mr. Graham. 

f This is what I termed quasi-plasticity, or apparent plasticity. 
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Deceived June 17, — Bead June 20, 1861 (continued from page 882, Philosophical Transactions, 1858). 

Keratode 

Is the substance of which the homy elastic fibres of the skeleton of the officinal sponges 
of commerce are composed. It has, correctly speaking, no relationship either chemically 
or structurally with horn, and Dr. Grant has judiciously rejected the term “ homy fibre” 
as applied to £he sponges of commerce, and has substituted that of keratose by way of 
distinction ; and in accordance with that term I propose to designate the substance 
generally as keratode, whether it occurs in the elastic fibrous skeleton of true Spongia , 
which are composed almost entirely of this substance, or of those of the Halichondraceous 
tribe of Spongiadee, .where it is subordinate to the spicula in the construction of the 
skeleton, and appears more especially in the form of an elastic cementing medium. In 
a dried state it is often extremely rigid and incompressible, but in its natural condition 
it is more or less soft, and always flexible and very elastic. It varies in colour from a 
very light shade to an extremely deep tint of amber, and it is always more or less trans- 
parent. In its fully developed condition, in the form of fibre, it appears always to be 
deposited in concentric layers ; but in the mode of the development of these layers there 
are some interesting variations from the normal course of production. As we find in 
Afanea diadema , the common Garden Spider, that the creature has the power of modi- 
fying the deposit of the substance of its web so that the radiating fibres dry rapidly while 
the concentric ones remain viscid for a considerable period, so we find in the production 
of the young fibres of the skeletons of the Spongiadoe in some species, as in those of 
commerce, there is no adherent power at the apex of the young fibre, excepting with 
parts of its own substance ; while in Dysidea , and in some other genera, the apex of the 
newly-produced fibre is remarkably viscid, adhering with great tenacity to any small 
extraneous granules that it may happen to touch in the course of its extension ; but thin 
adhesive character appears to be confined to the earliest stages of its production only, 
as exhibited at the apices of the newly-produced fibres, the external surface immediately 
below the apex exhibiting no subsequent adhesive property. 

Lehman, in his ‘ Physiological Chemistry,’ Cavendish Society’s edition, vol. i. p. 401, 
states that Spongia officinalis of commerce consists of 2Q atoms of fibroin, 1 atom of 
iodine, and 5 atoms of phosphorus ; and in treating of the physiological relations of 
fibroin as regards sponges, he observes, “ Its chemical constitution affords one of the 
arguments why the Spongia should be classed among animals and not among plants, 
mdccclxii. 5 K 
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since in the vegetable kingdom we nowhere meet with a substance in the slightest 
degree resembling fibroin.” 

From the general physiological characters of the skeletons of the Sertularian and 
other Zoophytes, I had long suspected* that their component parts were identical, or very 
nearly so, with those of the skeletons of the Spongiad®, and I therefore, applied to my 
friend Mr. George Bowdler Buckton to assist me in determining this point, and he 
very kindly undertook to make comparative qualitative analyses of two species of 
Zoophytes, Sertularia operculata and Flustra foliacea, with the fibres of Spongia offici- 
nalis and of raw silk, and 1 cannot do better than quote entire the report of the results of 
his examination : — 

“ I have examined the Zoophytes you sent me, and have compared their deportment 
under chemical agency, with that shown by white silk and the fibre of ordinary sponge. 

“ All the specimens were treated in a similar manner, being purified from foreign 
matter, as far as possible, by boiling for two hours in water, and subsequently for the 
same period in strong acetic acid. With the exception of Flustra , the sub'stances exhi- 
bited by this treatment little change in their outward appearance. Carbonate of lime 
enters so largely into the composition of Flustra , that its disintegration by acids ought 
to cause no surprise. 

“From the results of the first seven experiments, which for convenience I have 
arranged in a Table (see next page), 1 conclude that all these bodies contain the same, 
or a very similar animal principle, which I suppose to be identical with Mulder’s fibroin. 
The varying colours of the precipitates from tannic acid and ammonia, X think are 
probably due to the traces of sesquioxide of iron present in the fibres, and the difference 
in shade is simply caused by the greater or less preponderance of that metal. 

“ Although I have not been able to obtain fibroin in a state of chemical purity, I 
would state that, to my knowledge, there is no vegetable principle which behaves itself 
towards reagents in a manner similar to that shown by the substance of silk, sponge, &c. 

“ Mulder and Crookewit’s analyses show silk and sponge scarcely to differ in compo- 
sition. 


Fibroin from silk. 


Carbon 48-5 

Hydrogen 6*5 

Nitrogen 17*3 

Oxygen 

Sulphur - 27*7 

&c. &c. 


100-0 


Fibroin from sponges. 


Carbon . . 

. . 46-5 

to 48-5 

Hydrogen . 

. . 6-3 

6-3 

Nitrogen . . 

. . 16-1 

16-1 

Oxygen 

Sulphur 

. . 31-1 

291 

Phosphorus 
Iodine t 

1000 

100-0 


“ Schlossberger has recently expressed his doubts of the identity of composition of 
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these bodies, from the circumstance that silk is readily soluble in strong ammonia, satu- 
rated with oxide of copper, whilst sponge is scarcely, or not at all, affected by long 
diaceration. My own experiments prove the same fact, yet it is not impossible that the 
minute quantities of iodine, phosphorus, and sulfur present in sponge may modify the 
solubility of the fibre. 

“ Under the supposition that a resinous gum might act as a protection, portions of 
sponge were boiled in benzol, ether, and alcohol, but these solvents did not modify the 
characters in any noticeable degree. 



Fluitra 

foliacea. 

Sertularia 
operculata . 

Spongia 

officinalis. 

Silk from Bombyx . 

Ignited. 

Yields a nitrogenous 
odour. 

Yields a nitrogenous 
odour. 

Yields a nitrogenous 
4 odour. 

Yields a nitrogenous 
odour. 

Leaves much ash, in 
the form of a fac- 
simile of the frond. 
Chiefly composed of 
carbonate of lime. 

Leaves much ash, but 
much less than the 
preceding. 

• 

Leaves a white ash in 
some quantity. 

Leaves much ash. 

Boiled iti water and 
subsequently in 

acetic acid. 

Acid disengages much 
carbonic acid. 

Apparently 

unaffected. 

Apparently 

unaffected. 

Apparently 
unaffected. , 

The zoophyte disinte- 
grates and leaves a 
brown flocculei^t re- 
sidue. 

Form unchanged. 

Form unchanged. 

Form unchanged. 

Washed apd boiled in 
concentrated hy- 
drochloric acid. 

Greater part soluble 
in the acid. 

Almost entirely dis- 
solved after ten 
minutes’ boiling. 

Almost entirely dis- 
solved. 

About i soluble in 
the acid. 

A brown gelatinous 
mass remains. 

The residue is gelati- 
nous. 

Gelatinous residue. 

Tannic acid added to 
the hydrochloric 
acid solution. 

A white precipitate, 
insoluble in acetic, 
but soluble in oxa- 
lic acid. 

A white 
precipitate. 

A white 
precipitate. 

A rather copious white 
precipitate. 

Potash added to the 
hydrochloric acid 
solution. 

Ammonia pives simi- 
lar reactions. 

S 

Precipitation of a few 
flocks. 

No precipitate of 
any consequence. 

Small quantity of a ge- 
latinous precipitate. 

A few flocks precipi- 
tated. 

Tannic acid added to 
the above neutral- 
ized solution. 

An abundant yellow- 
ish precipitate. 

If alkali in excess, the 
precipitate is violet. 

Abundant precipitate, 

Abundant precipitate. 

Copious precipitate, 
which takes a flesh 
. tint by excess of 
ammonia. 

which turns reddish 
purple by excess of 
alkali. 

Coloured by excess of 
alkali. 

Bichloride of mercury 
added to the hydro- 
chloric solution. 

Slight white 
precipitate. 

Slight precipitate. 

Slight precipitate. 

Precipitate rather 

more copious than 
that from sponge. 

Boiled in a solution of 
oxide of copper in 
ammonia. 


Insoluble. 

Insoluble. 

Perfectly soluble; not 
again precipitated 
by acetic acid. 


5 K 2 
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«I consider, however, that this difference between sponge and silk in no wise affects 
the question of the former substance being a product of the animal kingdom, which the 
other experiments, I think, satisfactorily prove.” # 0 

In considering the results of these Analyses with a view to proving the animal nature 
of the Spongiadee, the evidence afforded by the coincidence of its structural character 
and its chemical constituents with those of Sertularia operculata , is still more conclu- 
sive than that derived from the chemical constituents of silk ; and, in truth, the action 
of the chemical agents on the zoophyte and the sponge, as might naturally be expected, 
are almost in perfect accordance. 

Membranous Tissues. 

These structures may be divided into two classes. 

1st. Simple membranous tislue. 

2nd. Compound membranous tissue. 

The first is a simple, apparently unorganized, thin pellucid tissue. It is evidently not 
composed of an extension of keratode, as it is rapidly decomposed after the death of the 
animal. It is found in abundance filling up the areas of the network of the skeleton 
in a great variety of sponges, and it appears to be capable of secreting sarcode on both 
its surfaces when thus situated ; on the dermal membranes the sarcode is found on the 
internal surface only. 

Compound Membranous Tissue. — These structures consist of simple membranous tissue 
combined more or less with primitive fibrous tissue. Their most simple forms exist in 
the membranes lining the interstitial cavities of the sponge, and in the dermal mem- 
branes. 

It is difficult in some cases to discriminate between this class of tissues and simple 
membranes, unless it be by the aid of their functional characters, as the compound 
tissues are frequently quite as pellucid, although not so thin, as the simple ones. 

In dermal membrane, and the membranous linings of the internal cavities of the 
sponge, they are thin and very translucent ; but on careful examination with high micro- 
scopic powers and transmitted light, with the aid of polarization, we frequently detect 
the clastic primary fibrous tissues incorporated with the structure. In the contractile 
membranes for ming the oscular diaphragms in Orantia , and in those at the base of the 
intermarginal cavities in Oeodia and Pachymatisma , they attain a greater degree of 
thickness, and especially in the two latter genera of sponges. In Alcyoncellum , Quoy et 
GaimarI), the organization of their tissue is still more complex, and we there find them 
constructed of repeated layers of membranous structure, abounding in primitive fibrous 
tissue disposed in parallel lines in each layer, the fibres disposed so closely together as to 
completely cover the membrane beneath, and the direction of the fibres being at various 
angles to the axis of the great cloacal appendages of the sponge, so as most effectually to 
aid in the contraction or expansion of that organ. They afe so closely packed together 
and so intermingled, that I could not ascertain their length; but from the gradual 
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attenuation of some of their terminations, they would seem not to be continuous for any 
considerable distance. On some of the layers of this compound membrane the fibres were 
disposed in an even and continuous stratum, while on others they were gathered into broad, 
flat, parallel fasciculi. When the compound structure consists of several layers of fibro- 
membranous structure, the disposition of the fibres on the different layers is not coin- 
cident. In some cases they cross each other at right angles, while in others the angle 
does not exceed 45 degrees. The latter mode of arrangement appears to prevail in the 
membranes connecting the great longitudinal fasciculi of spicula, forming to a great 
extent the skeleton of the cloacal appendages of the sponge ; while the arrangement at 
right angles appears also in the tissues immediately surrounding the great skeleton fas- 
ciculi. 

This fibro-membranous tissue abounds in the dermal and interstitial structures of the 
sponges of commerce, but the greatest development of this structure is exhibited in the 
genus Stematumenia. 

Fig. 4, Plate XXVII. represents a small portion of the lining membrane of one of the 
great excurrent canals of the common honeycomb sponge of commerce, in the condition 
in which it came from the sea. The primitive fibrous tissue is seen arranged in a single 
layer in parallel lines at right angles to the long axis of the canal, but partially obscured 
by the stratum of sarcode on the membrane. 

Fig. 3, Plate XXVII. represents a small portion of the dermal membrane of a Sterna - 
tumenia , in which the primitive fibres are seen wandering in every direction over the 
surface of the membrane. 

Figs. 1 & 2 in the same Plate represent portions of a stouter and a more compound 
membranous structure, from the walls of one of the great cloacal projections from 
the surface of Alcyoncellurn robusta, Bowerbank, MS. In this case the membrane is 
strengthened by two or more layers of primitive fibrous structure, the parallel fibres of 
each crossing the others at various angles. 

Fibrous Structures. 

There are two well-characterized classes of fibrous structure. 

1st Primitive fibrous tissue. 

2nd. The fibres of the skeleton. 

1. Primitive Fibrous Tissue. 

The first of these tissues is exceedingly minute. The fibres are cylindrical in form, 
and are usually of considerable length ; but where they are fully developed, they occur in 
such numbers, and in such a matted condition, that I have been unable to separate an 
unbroken one from the mass. They continue through the whole of their length as 
nearly as possible of the same diameter, and there rarely appears to be any attenuation 
towards their terminations, which are usually obtuse. They are evidently very elastic 
and pontractile. When partially separated from their attachments to the membranes, the 
free ends seldom remain straight, and most frequently they curl considerably in dif- 
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ferent directions. They appear to be perfectly solid ; I could not by the aid of polari- 
zation discover the slightest indication of a central cavity. They vary in diameter in 
different species of sponge, and frequently even in the same individual. In a spqcies 
of Stematurnenia from the Mediterranean, I measured an average-sized fibre which was 
inch ifi diameter, while a smaller one, closely adjoining, measured flgVff inch. In 
this genus these fibres are more fully developed and larger in size than in any other 
sponges with which I am acquainted. In the sponges of commerce, in the mefiibranes 
of which they are exceedingly numerous, they are much more slender. In one of the ex- 
current canals of the common honeycomb sponge, one of the largest measured inch 

in diameter, and one of the smallest jrkvr bach. In the dermal membrane of the best 
Turkey sponge they were still less, not exceeding t gfoo inch. 

This description of fibre is not an absolutely necessary constituent of a sponge, and in 
many of the Halichondraceous tribes it is exceedingly difficult to find even a single 
straggling fibre on the interstitial or dermal tissues, while in other genera, as in Spongia, 
Stematurnenia , and Alcyoncellum , they form an important element in the structure of the 
compound membranous tissues, in which they are closely disposed in parallel lines, 
occasionally giving off brandies, but never appearing to anastomose with each other like 
the larger fibres of the skeleton. 

These fibro-membranous tissues were described by me in the * Annals and Magazine 
of Natural History,’ vol xvi. p. 406, plate 14, figs. 1, 3, 4 & 5, in my description of the 
genus Stematurnenia. 

If a small portion of the dermal membrane of a young Stematurnenia be carefully 
removed from the surface of the sponge, the primitive fibres will be seen projecting from 
the edges of the membrane in considerable numbers ; and occasionally they may be seen 
to be furnished with a terminal bulb, the greatest diameter of which is about three 
times that of the fibre. The bulbs are variable in form ; sometimes they are largest at 
thfc base, or pear-shaped, at other times regularly oval, or nearly globular. By far the 
greater number of fibres exhibit no bulbs at their terminations ; those which have them 
are always less in diameter than the general average of the fibres. Sometimes, but not 
very frequently, the bulb exhibits faint traces of a nucleus. On examining the dermal 
membrane by transmitted light and a linear power of 666, I found numerous globular 
cells collected in groups on various parts of its inner surface, many of them having a 
well-defined central nucleus ; and among these cells I found the bulbs imbedded with 
the fibres emanating from them, and in no respect differing in appearance from the non- 
fibrous cells around them (Plate XXVII. fig. 5, a , a). On carefully observing a number 
of these bulbous fibres that had been removed from their positions on the membrane, 1 
found that the part of the fibre nearest to the bulb was frequently flexuous, as if in a 
tender and immature condition, and in these cases the marginal line of the fibre was 
continued without the slightest break or interruption into and around the bulb, as 
represented in Plate XXVII. fig. 6, a. At this period of the development the young 
fibre does not measure above half the diameter of a mature one, and there is no indica- 
tion of an ultimate separation from the bulb ; but when the fibre has attained nearly the 
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full size the separation is then distinctly indicated ; the basal end of the fibre immersed 
in the bulb becomes hemispherical, and a constriction appears at the junction of the 
fibre with the exhausted cell. Sometimes, when thus affording indications of their ulti- 
mate separation, the cell still retains its rotundity, but all indication of its nucleus has 
disappeared, and it is perfectly transparent, as represented in Plate XXVII. fig. 6, b ; 
while in other cases it is visible only as a collapsed and shrivelled vesicle adherent to 
the hemispherical termination of the fibre, as represented in Plate XXVII. fig. 6, c. I 
could not find the slightest indication of bulbs amid the matted mass of fibres lying on 
the inner surface of the membrane, and it was only at the torn edges of the pieces of 
membrane under examination, or among the groups of cells, that the bulbs in connexion 
with the fibres were to be discovered. 

2. Keratose Fibrous Tissue. 

General character of the keratose fibres of the horny skeleton . — The essential character 
of the fibres of the homy skeleton is, that their normal form is always that of a cylinder, 
while the network of the skeletons of the Ilalichondroid sponges, which approach 
nearest in structure to that of spiculated keratose fibre, is always more or less irre- 
gular in shape ; and in the fully developed state, generally compressed to a very consi- 
derable extent ; but a careful examination of the youngest portions of the two forms of 
skeleton-tissue will always render the difference in the two structures apparent In the 
spiculated keratose fibre the keratode is always the predominant element, and the spicula 
the subordinate one ; while in the skeletons of the Ilalichondroid sponges the spicula 
always predominate, and the keratode is merely the secondary or surrounding medium. 
In the former structure, in the extension of the terminations of the skeleton, the keratode 
is the leading element, while in the latter the spicula take the lead. 

The fibre is formed of a succession of concentric layers, its increase in diameter being 
apparently effected at the external surface. Its longitudinal extension appears to be 
caused by a progressive elongation of tbeir terminations, and new fibres are frequently 
to be seen pullulating from the sides of the mature ones. In the dried state it is often 
extremely rigid and incompressible, but in its natural condition, notwithstanding there is 
frequently an internal axis of extraneous matter or of spicula, it is often remarkably soft 
and flexible. The spicula, although immersed in the fibre, evidently possess a consider- 
able amount of mobility within the surrounding medium. 

The colour of the fibretf is always amber-yellow, varying in different species from a very 
light to a deep yellow brown tint, and it is always semitransparent In the living state, 
when the fibres happen to touch each other, whether by their terminations or laterally, 
they appear at all times to unite. 

The keratose skeleton-fibres vary in their organization to a very considerable extent, 
but the whole of them may be comprised in the following eight typical forms : — 

1. Solid simple keratose fibre. 

2. Spiculated keratose fibre. 



754 


DB. J. S, BOWEBBANK ON THE ANATOMT 


3. Multi-spiculated keratose fibre. 

4. Inequi-spiculated keratose fibre. 

5. Simple fistulose keratose fibre. 

6. Compound fistulose keratose fibre. 

7. Regular arenated keratose fibre. 

8. Irregular arenated keratose. fibre. 

1. Solid Simple Keratose Fibre. 

The typical form of this description of fibre is that which forms the skeleton of the 
Turkey sponges of commerce, the structure of which I described in a paper read before 
the Microscopical Society of London, and published in vol. i. p. 42 of its ‘ Transactions.’ 
The mature fibre is perfectly solid, and no vestige of a central cavity can be observed in 
any part of it, either when viewed by transmitted light, or in transverse sections of the 
fibre, by the aid of a Lieberkuhn. Occasionally, but very rarely, I have seen, in young 
and immature fibres, faint and irregular indications of there having been a very small 
central cavity in perhaps the earliest period of their development, but in the mature 
fibre I have never been able to trace such cavities (fig. 7, Plate XXVII.). 

This description of fibre is occasionally surrounded by a membranous sheath, on 
which is imbedded a beautiful system of hollow fibrils or vessels, which sometimes wind 
round the skeleton-fibre in a spiral direction, at others assume a longitudinal course, 
giving off short csecoid branches, or form a complex and irregular network. In an 
Australian sponge in my possession, the latter mode is the only form in which they, 
occur. In some of these minute fibrils or vessels I observed numerous minute globules, 
which were rendered moveable by a slight pressure on the glass under which they were 
exhibited. The mean diameter of these tubes or vessels was y r dto inch. This tissue 
is of rare occurrence, and I have been unable to determine whether it is a specific 
character, or whether it is due to a peculiar condition of the sponge. Fig. 9, Plate 
XXVIII. represents a portion of fibre from *the skeleton of one of the sponges of 
commerce. Fig. 10, Plate XXVIII. is from a rigid species of Australian sponge. This 
singular tissue is described more fully in a paper which I read before the Microscopical 
Society of London in 1841, and which is published in their ‘ Transactions,’ vol. i. p. 32, 
plate 


2. Spiculated Keratose Fibre. 

This structure is essentially a solid form of keratose fibre, no central cavity ever being 
visible in its axis. The normal form of the fibre is cylindrical, but it is occasionally 
more or less compressed, and always contains a thin central line or axis of spicula 
arranged in longitudinal series. The spicula are secreted within the fibre, and are nearly 
uniform in size, and always of the same shape in the same species of sponge. In the 
production of the young fibres, the projection of the new keratode and the secretion of the 
new spicula appear to be simultaneous. In this class qf structure the keratose fibre is 
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the predominant element, and the spicula the subordinate one, and we accordingly 
frequently find the fibres destitute of spicula for short distances ; but these occurrences 
are the exceptions, and not the rule of the structure. Fig. 8, Plate XXVII. repre- 
sents a portion of a longitudinal section of the skeleton of Halichondria oculata , 
Johnston. 

The mode of the progressive ‘ development of this form of fibre is interesting. In a 
young specimen of Halichondria Montagui , Johnston, I observed that when a new fibre 
was projected from the skeleton it usually contained a single spiculum, thinly covered 
by keratodc at the apex, and more thickly so towards the basal end. Another spiculum 
followed the first, the terminations of each overlapping the other ; and at the junction of 
the two, the keratode was accumulated in the form of a plumber’s joint, as represented 
in Plate XXVII. fig. 9, so as to give additional strength to the junction of the spicula, 
while the middle portion of the second spiculum remained very thinly covered by 
keratode. When the distal end of the new fibre has attained its proper length, or has 
become cemented to the side of another fibre, the remaining portion of the keratode is 
produced, and the fibre then assumes a regular cylindrical form. 

3. Multi-spiculated Keratose Fibre. 

This description of fibre is literally a cylindrical mass of spicula cemented together by 
keratode, and surrounded by a thin case of the same substance. The spicula are exceed- 
ingly numerous, and very closely packed in parallel lines in accordance with the axis of 
the fibre. They are nearly uniform in size, and always of the same shape in the same 
species of sponge. In this structure the spicula are the predominant element, and the 
keratode the subordinate one. Fig. 10, Plate XXVII. represents a fibre from the 
skeleton of Halichondria cegagropila , Johnston. 

4. Inequi-spiculated Keratose Fibre. 

This form of fibre is composed of an infinite number of spicula disposed in every 
possible direction, cemented together by keratode, and surrounded by a sheath of the 
same material. The spicula agree in form in all parts of the sponge, and are nearly of 
the same size. In these fibres the spicula are the predominant element, the keratcyde the 
secondary one. In the only sponge in which this form of structure has yet been found, 
JRaphyrus Grijffithsii , Bowerbank, MS., the fibre is very unequal in size and much varied 
in its form, frequently becoming very much flattened and expanded. Fig. 11, Plate A. 
represents a longitudinal section of a small portion of a fibre from the skeleton, showing 
the irregular disposition of the spicula within it. 

5. Simple Fistulose Keratose Fibre: 

This form of fibre is usually very much larger and more rigid than the solid keratose 
fibre. It is cylindrical, and continuously fistular. The great central cavity of the fibre 
usually occupies about one-third of its diameter. It is nearly uniform in its size, but 
mdccclxii. 5 L 
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occasionally it is dilated considerably for a short space, and then resumes its original 
diameter. In the young state the cavity is as large, or nearly so, as in the adult fibres, 
while the enveloping keratode assumes the form of a thin transparent amber-coloured 
coat, which in the mature state becomes frequently twice or tliree times the thickness of 
the diameter of the central cavity. 

This great fistular space is lined with a thin pellucid membrane, which, in specimens 
that have been dried, appears to have been thickly covered with minute semi-opake 
granules. At the time of my first description of this form of fibre, published in the 
‘ Annals and Magazine of Natural History,’ vol. xvi. p. 403, 1 believed that in the natural 
condition of the fibres the central cavity was an open tube ; but subsequent observations 
on specimens which have never been dried, have led me to the conclusion that the whole 
of the central space is filled with a minutely granulated substance which presents all the 
characteristics of sarcode. 

There is no communication between the great central fistular canal and the inter- 
stitial cavities of the sponge, the projecting ends of the fibres of the skeleton being 
always hermetically sealed. Fig. 12, Plate XXVII. represents a fibre from the spe- 
cimen of Spongia Jistidaris, Lamarck, in the Museum at Edinburgh, given to me by 
Professor Grant. 

6. Compound Fistulose Keratose Fibre. 

In its external characters this description of fibre is not, under ordinary circumstances, 
to be distinguished from simple fistulose fibre, and it is only when submitted to a micro- 
scopic power of about 100 linear that its peculiar character can be detected. We then 
find that the fibre is not only furnished with a large continuous central cavity, but that 
it also has numerous minute csecoid canals radiating from the central one at irregular 
distances, at nearly right angles to its axis. These secondary canals are very unequal in 
length, and very few of them reach to near the external surface of the fibre, and none of 
them appear to perforate it. Their direction is usually in a straight line from the parent 
canal ; a few assume a tortuous direction, and a still fewer number bifurcate or branch. 
Within the central tubes of the fibres there are frequently one or two minute simple 
tubular fibres ; when more than one they do not unite, but they divide and traverse each 
a separate cavity, when they happen to reach one of the anastomosing points of the great 
skeleton-fibre. The structures are described more at length in the ‘ Annals and Magazine 
of Natural History,’ vol. xvi. p. 405, under the head of “ Auliskia ,” a new genus of sponges, 
founded principally on the compound fistulose structure of its skeleton-fibres. Fig. 18, 
Plate XXVII. represents a portion of compound fistulose keratose fibre as seen with- 
a linear power of 100. Fig. 14, a portion of a similar fibre under a power of 300 
linear. 

7. Regular Arenated Keratose Fibre. 

This description of fibre under ordinary circumstances has very much the appearance 
of simple fistulose fibre, but when examined by transmitted light with a linear power of 
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about 100, we find in the centre of the fibre a series of grains of extraneous matter, 
occupying the place of the large continuous canals of the fistular forms of fibre! The series 
of extraneous matters is not always continuous, and when an interruption takes place the 
fibre becomes solid, or faint traces only of a central cavity remain. The mode of the 
inclusion appears to be due to the extreme terminations of the young fibres being viscid, 
and thus seizing on any extraneous particles that happen to come in contact with them. 
The growing keratode quickly envelopes them, and proceeding on its course of extension, 
seizes in like manner on other particles of sand or solid matter, and thus a continuous 
and regular chain of extraneous material is imbedded in the axis of the fibre, as repre- 
sented by figs. 1 & 2, Plate XXVIII. This description of fibre is found in a great 
variety of keratose sponges, and especially among the coarse rigid skeletons of the 
Australian species, as represented by fig. 1, Plate XXVIII. ; and among the flexible 
sponges, as represented by fig. 2, Plate XXVIII. 

8. Irregular Arenated Keratose Fibre. 

I have described this form of fibre in a paper descriptive of two species of Dysidea , 
read at the Microscopical Society of London, Nov. 24, 1841, and subsequently published 
in vol. i. p. 63 of their ‘ Transactions.’ 

The adult and fully produced fibre is frequently half a line or more in diameter. It is 
built up in all parts of its substance of grains of extraneous matter, each one being 
separately enveloped in keratode. The adhesive power in the young progressing fibre not 
being confined to its apex only, its sides also seize upon the surrounding grains of solid 
matter, and the keratode speedily passing round and enveloping them, the whole fibre 
becomes a solid cylinder of irregularly imbedded molecules. There is a great variety of 
substances imbedded in these fibres, dependent, as a matter of course, on the amount of 
material surrounding them at the period of their development. The skeleton of Dysidea 
fragilis , Johnston, a British species very common on the south coast of England, presents 
one of the best types of this form of fibre. And single grains of sand are frequently to 
be found among the fibres of the surface of the sponge, elevated on short pedicels of the 
rapidly growing young fibres, sometimes entirely, and at others only partially enveloped 
by the progressing keratode. Figs. 3, 4, & 5, Plate XXVIII., represent portions of 
fibre from the same individual. 

This genus of sponges appear, to the best of my knowledge, to be the only animals 
that construct an internal skeleton almost entirely of extraneous materials. 

Siliceous Fibre. 

This structure is widely different from any of the keratose fibres which contain 
either secreted silex in the state of spicula, or extraneous silex in the form of sand. 
The, whole substance of the skeleton fibre consists of solid silex, secreted and deposited 
in concentric layers, exactly after the manner of the secretion of pure keratode in the 
fibres of the sponges of commerce. When cleansed from the sarcodous matter by which 

5 l 2 
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they are surrounded in a living state, the fibrous skeleton bears a striking resemblance 
to fibres of spun glass, and is quite as pellucid and colourless as the artificial material, and 
the dead sponge quite as brittle. The fibrous skeleton of Dactylocalyx pumicea, Stutch- 
bury, in its mode of arrangement strikingly resembles that of one of the sponges of com- 
merce ; it is equally complex and irregular in its structure, and the component fibres 
quite as much anastomosed. In that species the fibres are smooth and cylindrical, but 
in others they frequently abound with minute, obtuse, wart-like elevations. 

There is every indication in the skeletons that the increase in diameter, and the exten- 
sion in length in the fibres are effected in the same manner as in the solid keratose 
fibres. The free terminations of the young fibres have the same attenuated but obtuse 
form, and the pullulation of the young fibres from the sides of the mature ones is quite 
as apparent as in their keratose congeners ; but, in the young state, they never appear 
to be viscid, as the keratose ones frequently are; and extraneous matters are never 
detected at their apices, or on their substance. 

There are two distinct forms of this class of fibre : — 

1st. Solid siliceous fibre. 

2nd. Simple fistulose siliceous fibre. 

The structure of solid siliceous fibre is very similar to that of solid keratose fibre. 
Occasionally there are indications of a former existence of a minute central canal, but 
in the fully developed fibre this is rarely visible. The external characters of these fibres 
vary in each species. In a new siliceous sponge in the British Museum, designated by 
I)r. Gray M'Andrewsia azoica , the fibres are quite smooth, as represented in Plate 
XXVIII. fig. 6. But in the greater number of species they are more or less tuberculated, 
as in Plate XXVIII. fig. 7, which represents a group of fibres from the type-specimen of 
Dactylocalyx pumicea, Stutciibury, a portion of which is in the possession of Dr. J. E. 
Gray. In other species in my possession the tuberculation is very strongly produced, 
as represented in a few fibres of Dactylocalyx Prattii, Bowerbank, MS., Plate XXVIII. 
fig. 8. 

Of the 2nd form, simple fistulose siliceous fibre, I know but one example, and that is 
the remains of the siliceo-fibrous sponge on which the beautiful specimen of Euplectella 
cucumer, Owen, is based. 

The tubulation of the skeleton-fibre is very similar to that of some varieties of simple 
fistulose keratose fibre, but the central cavities are not so invariably continuous as in the 
keratose varieties of fistulose skeleton-fibre. Pig. 11, Plate XXVIII. represents a small 
piece of the spinulated simple fistulose fibres of the skeleton of Dr. Arthur Farre's # 
specimen. The spinulation of these fibres is a remarkable character. It is the only case 
of the production of acute spines on the skeleton-fibre of a siliceo-fibrous sponge with 
which I am acquainted. 
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Prehensile Fibre. 

• In the course of my examination of the fibrous skeleton-tissues, I have found but one 
instance in which they have developed prehensile organs to assist in the attachment of the 
sponge, and this is in a minute siliceo-fibrous species, parasitical on the base of a specimen 
of Oculina rosea , from the South Sea. In this sponge the basal fibres curve downward in 
the form of numerous small, nearly semicircular reversed arches, from the lowest portions 
of each of which there is a short stout portion of fibre projected ; and at about the length 
of its own diameter downwards, a ring of stout prominent bosses, six or eight in number, 
is produced, very considerably increasing its diameter at that part, immediately beneath 
which the fibre is attenuated to a point These singular organs are admirably calculated 
to penetrate the porous cavities or fleshy envelopes of the coral, and thus to securely 
attach the sponge to its adopted matrix (Plate XXVIII. fig. 12). 


Cellular Tissue. 

The cellular structures in the Spongiadae are few and very simple in form. We find 
no series of conjoined cells in the body of the sponge, as in vegetable tissues. The 
only forms in which true cellular structures occur in the bodies of sponges, are those of 
detached spherical molecular cells, and of discoid or lenticular nucleated cells. Cellular 
structures of the first form are found in abundance on the fibres of many species of the 
true sponges, and are believed by Dr. Johnston to be the reproductive organs of that 
genus. They are very minute ; an average-sized one measured inch in diameter. 

They are pellucid, and afford no indications of a nucleus, either single or multigranulate. 

Imbedded in the sarcodous stratum on the interstitial membranes in many of the 
Halichondroid tribes of sponges, we frequently find numerous compressed circular cells. 
In the greater number of cases they are so translucent as to readily escape observation, 
even with a tolerably high power ; but in other species, as in Ecionemia acervus. Bower- 
bank, MS., a new genus of sponges from the South Seas, in the collection of the ltoyal 
College of Surgeons, and in llalichondria nigricans, Bowerbank, MS., a British species, 
these tissues are developed in a more than usually distinct condition. 

In the first-named sponge they are thickly dispersed on .the surfaces of the interstitial 
membranes, but without any approach to order or arrangement. They are decidedly 
lenticular in form, with a well-defined transparent nucleus, which varied in size from 
about one-fourth to three-fourths the diameter of the cell in which it was contained. 
The cells varied considerably in size ; the largest I could find was inch in diameter, 
and one of the smallest T o£gn inch, but the greater number were about inch in 
diameter (PI. XXVIII. fig. 13). In Halichondria nigricans they do not appear to be 
quite so convex as in Ecionemia acervus, nor are they so numerous as in that species, but 
they are somewhat larger in size ; one of the largest measured inch in diameter, 
and a small one utbW inch ; they are represented in situ in Plate XXVIII. fig. W. 

The only instance with which I am acquainted of a conjoined arrangement of such 
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cells exists in the envelope of the ovaries * of Spongilla Carteri , the species described 
by Carter in his “ Account of the* Freshwater Sponges in the Island of Bombay,” 
which that author believed to be Spongilla friabilis, Lamarck, but which proves to be a 
distinct species, which I have named after its discoverer, as a slight recognition of the 
good services he has rendered to science by his excellent and accurate observations. 
These cells may be detected in situ after the envelope of the ovary has been sub- 
mitted for a very short time to the action of hot nitric acid, so as to render the coriaceous 
envelope semitransparent without destroying it. The structure of its walls is then seen 
to consist of linear series of cells, closely packed together in lines of six or eight in 
each, radiating from the centre of the ovary to its external surface. They do not appear 
to be absolutely in contact with each other, but are usually seen to be separated by a 
thin stratum of a transparent substance, probably an indurated membrane or sarcode. At 
the surface of the envelope they frequently appear to be somewhat hexagonal from mutual 
compression. I could not detect a nucleus in any of them (Plate XXVIII. fig. 16). 
Carter and other writers on Spongilla have designated the granulated forms of the 
sarcode in those sponges, “ Sponge cells,” but I cannot coincide with that opinion. I 
have frequently tried in vain to detect a proper coat of cellular tissue on the Amoeba- 
like granular masses into which Spongilla fluviatilis resolves itself at certain periods of its 
existence, and neither in a healthy and active condition, nor in a state of partial decom- 
position, have I ever been able to satisfy myself of the existence of a surrounding mem- 
brane. It appears to me that these bodies are the result of a natural resolution of the 
sarcode into granular masses of various sizes, each of which, on being liberated from the 
parent body, becomes an independent gemmule, which is capable of reproducing the 
species of sponge from which it emanates. And I have long suspected that the Amoebae 
found in ponds and rivers, and also in sea-water, are not in reality distinct species of 

animals, but that they are free portions of the sarcode of various species of Spongiadre. 

* 

Sarcode ( Physical Character) 

is a pellucid, semitransparent gelatinoid substance, variable in colour and insoluble in 

water. It dries readily, and its physical characters are, restored by immersion in water with 

little or no apparent alteration. It is usually spread thinly and rather evenly over the 

internal tissues, but the surface is rarely perfectly smooth ; sometimes it abounds in obtuse 

elevations, and occasionally separates naturally into innumerable irregularly round or oval 

masses which are exceedingly variable in size. When examined by transmitted light 

with a microscopic power of 400 or 500 linear, it is always found to contain innumerable 

minute molecules of apparently extraneous animal or vegetable matter, the molecules 

being always more or less in a shrivelled or collapsed condition, and very variable in size. 

Occasionally it is found abundantly furnished with lenticular nucleated "bells, nearly 

uniform in size, and often highly coloured. Fig. 1, Plate XXIX. represents a portion of 
* 

* These bodies have hitherto been termed Gemmules. For their characters as ovaries I must beg to refer 
the reader to the section of this paper on Reproduction. 
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the interstitial membrane of the honeycomb sponge of commerce, with the sarcode in its 
natural condition, filled with the remains of the nutrient molecules in a collapsed state. 
Figs. 13 & 14, Plate XXVIII., exhibit the same tissues with the addition of nucleated 
cells immersed in the sarcode. In the sponges of commerce it is exceedingly largely 
developed, and nothing can be more different in character than their soft and flexible 
skeletons and the animal in its natural condition. Specimens of it in this state, which 
have been preserved in spirit immediately on being taken from the sea, have the whole 
of their interior nearly as solid and firm as a piece of animal liver, the colour being a very 
light grey or nearly white. While the sponge, as a whole, is sensitive and amenable 
to disturbing causes, the sarcode does not appear to be especially so, as I have frequently 
observed a minute parasitic annelid which infests the interior of Spongilla JluviatUis , 
passing rapidly over the sarcodous surfaces, and biting pieces out of its substance with- 
out apparently creating the slightest sensation to the sarcode, or at all interfering with 
the general action of the internal organs of the sponge ; and in many cases we find fora- 
miniferous and other minute creatures permanently located in its large cavities without 
appearing to cause it the slightest inconvenience. 

When separated from the living sponge, it has at certain periods an inherent power of 
locomotion ; small detached masses of it may be observed slowly but continuously 
changing their form, and occasionally progressing in different directions; and Carter, in 
his valuable ‘ History of the Freshwater Sponges of Bombay,’ describes such detached 
masses of sarcode, when progressing and encountering a fixed point, ds dividing longi- 
tudinally to avoid the impediment, and again uniting when it has been passed. This 
gliding motion appears to be dependent on an inherent contractile power, as no cilia 
have been detected on the surface of such locomotive masses. Dujardin has recorded 
similar movements in portions of the sarcodous substance from specimens of his genus 
Halisarca ; and similar observations have been recorded by Lieberkuhn and other 
writers during their observations of the Spongiada. I have frequently, at different 
seasons of the year, taken portions of the sarcode from living and healthy specimens of 
Sjpongilla , in which I could not by the closest observation detect these motions, which 
are so readily to be seen at other periods of their existence ; and even at the same period 
of the year the sarcode of some specimens exhibits these motions, while in others they 
could not be detected. I have often sought for these phenomena in portions of the 
sarcode of Halichondria panicea, Hymeniacidori caruncula , and other marine species, but 
I have never yet been fortunate enough to detect them. It is highly probable that the 
capability of such motions exists in the sarcode of these and other marine species for a 
limited period, but it does not appear that such powers of motion are a constant con- 
dition of this substance. 
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OKGANIZATION AND PHYSIOLOGY. 

Previously to entering on the subject of the organization and physiology of the Spon- 
giadae in detail, it will be necessary to take a brief view of the general structure of these 
animals. Whatever may be their form, or however they may differ from each other in 
appearance, there are certain points in their organization in which they all agree. In 
the first place, however variable in its form and mode of structure, there is always a 
skeleton present, on which the rest of the organic parts ate based and maintained. 
Amidst the skeleton, and intimately incorporated with it, are the interstitial canals, con- 
sisting usually of two series ; the first appropriated to the incurrcnt streams of the 
surrounding water, and the second to the excurrent streams, which they conduct from 
the interior of the sponge to the oscula at its surface, through which they are discharged. 
In the event of the absence of the excurrent system of canals, their office is Served by the 
great cloacal cavities that are found to exist in some forms of sponges, extending from 
the base to the most distant parts of the animal. Beside these large cavities, there are 
others of a much more limited character, the iiitermarginal cavities, which arc situated 
immediately below the dermal membrane, and which receive the water inhaled by the 
sponge and transmit it to the mouths of the incurrent canals which have their origin in 
the intermarginal cavities. Enveloping the entire mass of the sponge we find the dermal 
membrane, in which are situated the pores, for inhalation and imbibition of nutriment, 
and the supply of the incurrent canals ; and the oscula, through which the excremen- 
titious matter and the exhausted streams of water are poured from the terminations of 
the excurrent canals. These parts are indispensably necessary, and are always present 
in a living sponge. * The attachment of the Spongiadsc to the body to which they adhere 
during life, is effected by a basal membrane which presents a simple adhesive surface, 
following the sinuosities of the body on which it is based, entering into holes or cracks 
and filling them up, thus securing a firm hold of the mass on which they are fixed. 
When it so happens that the locality consists of sand or mud, their bases frequently 
assume the form of branching roots, which penetrate the mud or sand to a considerable 
extent ; but they are never instrumental to the nutrition of the animal — they are simply 
the anchors by which it is fixed to its locality for life. 

The Skeleton. 

There are two important distinctive characters for consideration in treating of the 
structure of the skeleton : — 1st, the material of which i! is constructed ; and 2nd, the 
mode of its arrangement. 

By selecting the material substance of the skeleton as the means of dividing the 
Spongiadse into Orders, we obtain three ■well-defined natural groups, which are again 
readily divisible into Families, based on the mode of the arrangement of -the substance 
of which the skeleton is composed. 

The first Order, the Keratosae, consists of those sponges in which the primary essential 
material of the skeleton is keratose fibre. It may be divided into three families. 
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1. Those which have the skeletons constructed of keratose fibre only, as in the best 
cup-shaped Turkey sponges of commerce. 

*2. Those having skeletons of arenated keratose fibre, as in the genus Dysidea. 

3. Those which have the skeleton formed of spiculated keratose fibre, as in Halichon- 
dria oculata. , Johnston, Chalina , Grant, and in the common West Indian sponges of 
commerce. 

In the first Order no earthy material of any kind enters into the structure of the skeleton. 

The sponges of the second Order, by a natural transition, pass into the nearly allied 
great division of the Halichondroid skeletons the inability of the former to secrete 
silex in an organized form connecting them closely with the pure keratose, while the 
instinctive habit of appropriating extraneous matters recognizes the necessity of other 
material in the skeleton beside pure keratode ; and the secretion of it by its own inherent 
power appears to be the next natural step in the development of the animals. 

In the third division, those having the skeleton formed of spiculated keratose fibre, 
the gradual development is also well marked, as in one group we find spicula only in the 
primary or radiating fibres of the skeleton, while in another group they are found in 
both the primary and secondary fibres, and are developed simultaneously with the kera- 
tode of the young fibres of the skeleton. 

The second Order, the Silicero, comprises those sponges in which the primary essential 
material of the skeleton consists of siliceous matter ; and this also may be divided into 
three sections or families. 

1. Those sponges which have the skeleton composed of solid siliceous fibres, as in 
Dactylocalyx pumicea, Stutchbury. 

2. Those in which the skeleton consists of spicula dispersed without order on mem- 
branous surfaces, as in Ilymeniacidon caruncula , Bowerbank. 

3. Sponges having the skeleton consisting of spicula cemented together into a network 
by keratode, as in Halichondria panicea, Johnston. 

The third Order, the Calcareaj, has the primary essential material composed of calca- 
reous matter, and this division contains but one section or family : — 

Spicula dispersed without order on membranous surfaces, as in the genus Grantia as 
defined by Johnston. 

1. Keratosse ... a. Keratose fibre only. 

b. Arenated keratose fibre. 

•c. Spiculated keratose fibre. 

2. Siliceae a. Solid siliceous fibre. 

b. Spicula dispersed on membranes. 

c. Spicula cemented together by keratode. 

8. Calcarece ... a. Spicula dispersed on membranes. 

Spicula of the Skeleton. 

The spicula in the skeletons of the Spongiadce appear to be the homologues of the 
mdccclxii. 5 M 
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earthy deposits in the bony structures of the more perfectly developed firing forms. In 
the higher tribes of animals we find the disintegrated condition of the earthy deposits in 
the first stages of the development of the bony structures in the form of minute* radiating 
patches, which in a more advanced stage unite and form the solid mass of bone, as in 
the mammalian tribes of animals, while in the cartilaginous tribe of fishes these radiating 
centres of bony secretion never attain a higher degree of development, but remain isolated 
points of bony structure during the whole of the life of the animal. And in the com- 
pound tunicated animals we find the calcareous stellate and sphero-granulate forms of 
spicula developed in close accordance with the similar siliceous forms in various species 
of sponges. Thus the stellate and cylindro-stellate spicula of the sarcode in the Spon- 
giadse arc apparently the homologues of the bony centres of development in the higher 
animals. It is so likewise with the other forms of sponge spicula. We find isolated 
calcareous spicula of an irregular fusiformi-acerate shape, representing the bony skeleton 
of the higher animals in the outer integuments of several species of Doris . 

Messrs. Alder and Hancock, in their admirable ‘ History of the British Nudibranchiate 
Mollusca,’ describe calcareous spicula occurring in Doris aspera , bilamellata, and Triopa 
claviger , which appear to be analogous to the rectangulated-triradiate spicula of Grantia ; 
and they also state that in the first-named species crucial or dagger-shaped spicula occur 
in the branchiae and margins of the cloak of the animal, and forms very similar to those 
occur on the interstitial membranes of Grantia nivea , Johnston. Numerous forms of 
tuberculated and smooth calcareous spicula are also found in the extensive family of the 
Gorgoniadae. And the siliceous simple bihamate form of retentive spiculum, so abundant 
on the interstitial membranes of many species of sponges, are closely represented by the 
calcareous bihamate spicula so numerous on the tubular suckers of Echinus sphoera. 
Thus we find in the spicula only, a series of links in the chain of animal development, 
intimately connecting the Spongiadae with the higher tribes of animals. 

In the solid siliceous fibres of Dactylocalyx , and in the tubnlar siliceous fibres of 
Farrea , Bowerbank, MS., and especially in the latter, we obtain a very much closer 
approximation to the tubular forms of the bones of the higher classes of animals. 

From our knowledge of the great scheme of the natural development of animal life, 
the most perfectly organized sponges appear to be those which secrete carbonate of lime 
as the earthy basis of their skeletons, and the least perfect those which secrete no earthy 
matter in the skeleton ; those which secrete silex taking an intermediate position ; but 
it must also be remembered that there is no form of spiculum found among the calca- 
reous sponges, or in the higher tribes of animal life, that is not repeated among the 
siliceous forms of spicula of the Spongiad®. 

The essential Skeleton Spicula. 

The general configuration of the spicula, which are essentially necessary to the struc- 
ture of the reticulated skeletons, is that of simple elongate and slightly curved bodies, 
varying in length and stoutness in accordance with the necessities of the. structure in 
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winch they form so important an element. When the areas of the reticulations are 
large, they are generally long and rather stout, and are usually shorter when the propor- 
tions of the network are small and close. When enclosed in keratose fibre, they are 
moat frequently smaller and shorter in their proportions than those in the Halichondroid 
sponges. And in those species in which they axe dispersed over the membranous tissues, 
as in Hymeniacidon, Bowerbank, MS., they are generally long, slender, and frequently 
flexuous. In the sponges of this structure having siliceous spicula the tiiradiate form 
of spiculum occurs but rarely, while in the calcareous sponges, which consist of membranes 
and dispersed spicula, the triradiate forms of skeleton spicula arp the normal ones. 

When the skeleton is constructed of large fasciculi of spicula, as in Tethea and Geodia , 
they attain their greatest dimensions as essential spicula of the skeleton, frequently 
exceeding the eighth of an inch in length. 

The greatest known length of spicula occurs in the prehensile ones of Euplectclla 
aspergillum and cucumer , Owen, where they are found to exceed three inches in length ; 
and in Hyalonema mirabilis, Gray, where, in the spiral column of the great cloacal 
appendage, they reach the extreme dimensions of six or seven inches in length ; but in 
both these cases the spicula must be considered as auxiliary and not essential forms. 

The larger number of forms of skeleton spicula arc perfectly smooth, but in some 
species they are partially or entirely covered with spines. 

In every case they appear in . the living state to have the capability of a change of 
position within the fibre to a considerable extent, in accordance with the natural altera- 
tions arising from the extensions or contractions of those tissues. 

The spicula are among the earliest-developed organs of the sponge. Dr. Grant, in 
his valuable “ Observations on the Structure and Functions of the Sponge,” published 
in the Edinburgh New Philosophical Journal, vol. i. p. 154, states that spicula are 
developed in the locomotive gemmules of Ilalichondria panicca (Hal. incrustans , 
Johnston) before they attach themselves for life and commence their development as 
fixed sponges. And in the gemmules of Tethea cranium they are abundantly developed 
even before the gemmules are detached from the parent, and some of them are of forms 
peculiar to the gemmule. 

The growth of the spicula and their mode of extension appear to vary according to 
circumstances. Thus an acerate spiculum is at first short and very slender ; as the deve- 
lopment proceeds it increases in diameter, and appear s to lengthen equally from the 
middle towards both ends ; but in spinulate ones the increase in length does not appear 
to be effected in the same manner as in the acerate form, as we often find spinulate 
spicula fully developed at the base, while the shaft is exceedingly short and the apical 
termination hemispherical instead of acutely pointed, as in the adult state. As the shaft 
lengthens towards its full proportions, it attenuates ; but in all the intervening stages the 
apical termination is usually more or less hemispherical. The progressive development 
from the base to the apex of the spinulate form is beautifully illustrated in the skeleton 
spicula of a new and very singular British sponge from Shetland, Halicnemia patera, 

6 m 2 
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Bowerbank, MS., represented by figs. 2, 3, 4, 5, 6, & 7, Plate XXIX. The first of these 
(fig. 2) represents a short variety of the normal spinulete form. In the second (fig. 3) we 
have a bi-spinulate, and in the third (fig. 4) a tri-spinulate form. The latter two are not 
mere malformations, but they prevail to a great extent in the structures of the sponge^ 
subject to variations in the distances in the development of the second and third inflations 
from the basal one. Figs. 5, 6, & 7 represent immature spicula in progressive stages 
of development, the apices having hemispherical terminations. 

Auxiliary Spicula. 

Beside the spicula essential to the structure of the skeleton there are several other 
forms of these organs, many of which, although not absolutely necessary in the structure 
of the skeleton, are of very frequent occurrence in subsidiary organs found in particular 
species and in peculiar genera. They may be conveniently classed under the following 
heads : — 

Connecting spicula. 

Prehensile spicula. 

Defensive spicula. 

Tension spicula. 

Retentive spicula. 

Spicula of the sarcode. 

Spicula of the gemmules. 

In the above designations of the auxiliary spicula, it must not be understood that their 
respective titles strictly define their offices, as it frequently occurs that under peculiar 
circumstances the same form of spiculum is destined to serve two, or even three distinct 
purposes. Thus, an external defensive spiculum will occasionally perform retentive 
offices for the purpose of securing prey ; or internal defensive spicula will combine the 
offices of defensive spicula against the larger and more powerful of their enemies with 
that of wounding and securing their smaller ones. 

The Connecting Spicula. 

The normal form of the connecting spicula is that of an elongate shaft, with a temate 
apical termination. But all the varieties of this form are not necessarily connecting spicula. 
Some of thepi subserve the offices of external or internal defensive organs, as I have de- 
scribed elsewhere. The varieties that may correctly be designated by this title are those 
which I have termed in the first part of this paper expando- and patento-temate spicula, 
and some varieties of the recurvo-ternate form also appear to be applied to this peculiar 
office. Their situation in the sponge, rather than their precise form, determines their 
title to be thus designated. Nor is their especial purpose of connecting the dermal 
crust of the sponge with the great mass of the skeleton beneath, the only office they are 
destined to perform in the economy of the animal, as their temate terminations are so 
disposed as to form a series of reticulations and areas for the support of the valvular 
membranes of the proximal ends of the intermarginal cavities of the sponges, in which 
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they are best developed, as in Geodia M'Andretoii and Barretti , Pachymatitma Johmtonia, 
and others of similar structure. 

• I have never seen the progressive development from a simple elongate shaft of an ex- 
pando- or patento-temate connecting spiculum, as I have those of the porrecto-ternate 
external defensive form, and the spinulo-recurvo-quaternate internal defensive ones, 
but from the great similarity that exists in their structure there can be little doubt that 
their mode of growth is the same ; and I am very much inclined to believe that the 
cylindro-expando-temate form from Pachymatisma Johmtonia , fig. 43 in Plate XXIII. 
of the Phil. Trans, for 1858, is an incompletely developed form of the mature attenuates 
expando-temate spiculum that belongs to that sponge, and which is represented by 
fig. 42 in the same Plate. 

There is a progression of development in the tematc terminations of these spicula 
that is very interesting. The simplest form has three nearly straight attenuating radii. 
In' the next stage the distal ends of the primary radii become furcated, but the secondary 
radii remain in the same plane as the primary ones. In the third stage of development 
the terminations of the secondary radii again divide into furcations, becoming dichotomo- 
patento-temate (fig. 48) ; but in this case the radii of the extreme furcations are not all 
in the same plane, as appears always to be the case with those of the secondary radii, 
and thus we have produced an additional power for combined action. But in the whole 
of these varieties, in the structure of these temate terminations, hitherto, there is no ap- 
pearance, further than their general form, of their being destined to become a united 
structure, and in some sponges in which they do occur they rarely, or never, become 
thus united; but this demonstration of their destination for combined action is 
obtained in an irregular ternate form, as exhibited in the dermal structures of a new 
species of siliceo-fibrous sponge from India, Dactylocalyx Prattii , Bowerbank, MS., in 
which we have the primary radii sinuated and flattened in such a manner as to splice 
together and form a strong and regular reticulated structure for the support of the dermal 
membrane of the sponge, as in fig. 8, Plate XXIX., which represents a few of these spicula 
uniting to form the reticulations of the dermal tissues, while fig. 9 represents three of these 
spicula separated by boiling nitric acid. By this structure, as exhibited in D. Prattii , 
there is rendered apparent a more visible and common purpose in their form and mode of 
development, and we are gradually conducted to the still more complete an^ continuous 
form of fibro-siliceous dermal network that exists in the beautiful harrow-shaped tissue 
of the dermal structures of the sponge supporting the fine specimen of j Euplectella in the 
possession of my friend Dr. A. Farre, and described by Prof. Owen in the * Transactions 
of the Iinnean Society,’ vol. xxii. p. 117, plate 21, and which tissue I shall describe more 
fully in treating on the subject of the dermal structures of the Spongiadse. 

There are two distinct purposes in the physiological application of the temate spicula ; 
the simplest is that of the strengthening and connecting the dermal membrane with the 
mass of the animal beneath. The second and more complex one, is that of forming an 
internal reticulating framework for the support within its areas of the valvular tissues 
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forming the bases of the intermarginal cavities. These offices of the temate spacula are 
not demonstrated in an equal degree of perfection in all sponges in which they occur. 
Where the organs which they subserve are best and most abundantly developed, thesfc 
forms of spioula are found in the greatest quantities, and in the most regular and perfect 
mode of arrangement, but where the intermarginal cavities or porous areas are in a less 
regularly developed state, they are deficient in a corresponding degree ; thus evincing the 
design and purpose of their structure and presence. The most perfect and beautiful ' 
illustration of their physiological purpose, in their first mode of application, is afforded 
by the dermal membrane of Dactylocalyx Prattii. Here we find their radii overlapping 
each other longitudinally, and cemented together by keratode, forming a continuous and 
regular network, upon the upper surface of which the dermal membrane reposes, and to 
which it is firmly united. The mode in which the radii are united, and the material 
with which they are cemented together indicate a unity of firmness and elasticity in 
the living state that is truly admirable ; and this mode of structure we perceive is 
especially necessary to the action of the dermal membrane, as the whole of the skeleton 
beneath is perfectly rigid and inelastic. Thus while their shafts are deeply plunged in, and 
firmly secured to, the immoveable mass beneath, their ternate apices are capable of such 
an amount of oscillating motion as would be required for the organic expansion and 
contraction of the membranous structure they support. By the action thus generated 
each pair of the united radii would glide in a longitudinal direction upon each other, and 
thus, although in each separate instance the amount of motion would appear to be ex- 
ceedingly small, the aggregate of the whole would afford a very considerable range of 
expansion, as exhibited in fig. 8, Plate XXIX. 

In their second mode of application, that is to the bases of the intermarginal cavities, 
it appears that as their office is different, so their form and the mode in which the radii 
of their apices is connected are also different. Thus at the inner surfaces of the thick 
dermal crust of Geodia M'Aiidrewvi and Barretti, we find them forming a network 
equally regular and continuous as that in Dactylocalyx Prattii , but the mode of its con- 
struction is varied. The radii do not in these cases glide upon each other longitudinally, 
but they cross each other at various angles ; and as the whole mass of these sponges is 
fleshy and very elastic, so by this mode of interlacement of the radii a very considerably 
greater amqjxnt of expansion and contraction of the reticulated structure is provided for, 
while at the same time the power of maintaining the common plane of the reticulated 
tissue is equally as great as in the similar structure in Dactylocalyx Prattii. Thus far 
we can trace the physiological purpose of their structure ; but why in one species we find 
their terminations simple as in Geodia M'Andrewii, and furcated as in Geodia Barretti , 
or still further complicated as in the dichotomo-patento-texnate form, is a question which 
cannot be so readily solved without a further acquaintance with the species of Geodia 
bearing these forms in a living state. 

The connecting spicula are not always an essential portion of the skeleton, and they 
exist only in comparatively a few genera of the Spongiad®. 
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Prehensile Spicula. 

I have so fully described, in the first part of thfs paper, the prehensile spicula found at 
foe base of the beautiful Euplectella , in the possession of Dr. Arthur Farr®, and figured 
in Plate XXIII. fig. 63, Phil. Trans, for 1858, as to render it necessary to say but yery little 
more regarding them. Fig. 44, Plate XXVI. of the same paper presents so many points 
of structural agreement with that from Euplectella , as to induce a very strong suspicion 
of its having had a similar office to perform in the sponge from which it was obtained ; 
but its extremely small size is against that supposition, and in favour of its being an in- 
ternal defensive one. Both sponges producing these forms were parasitical on other 
sponges. With respect to the larger form there is no reasonable doubt of its office in the 
sponge, and the smaller ones may have been basal appendages to a very small species. 
I have searched other species of Euplectella in vain for similar forms. 

Defensive Spicula. 

The modes of defence in the Spongiadie by means of spicula are exceedingly various, 
and in many cases remarkably complex and interesting. They may be divided into two 
great systems, — 1st, those of external defence ; and 2nd, those of internal defence. 

If I were to attempt to enter upon a description of every \ ariation in the mode of the 
application of spicula to defensive purposes, it would extend this portion of the subject 
to a greater length than we can afford under the present circumstances. I shall therefore 
confine my observations to a description of the general principles of defence as exhibited - 
in some of the principal genera of the Spongiadce. 

In the external defences, the mode of the application of the spicula depends in a great 
degree on the structure of the skeleton of the sponge. The most simple cases are those 
where the structure of the skeleton consists of spicula radiating from the centre or the 
axes of the sponge, and in these cases they usually consist of the terminations of the radial 
lines of the skeleton, the distal spicula of which are frequently projected for a considerable 
part of their length through the dermal membranes, and in many sponges the surface is 
thus thickly studded with them ; and in species where the terminal radial lines of the 
skeleton contain many spicula, they are frequently found at their apices to assume a 
radiating direction, so as to present the greatest possible number of points to their external 
> enemies. This mode of defence is very general in the numerous British species of the 
genera Isodictya and Chalina , Bowerbank, MS. Fig. 10, Plate XXIX. represents a 
small portion of a section at right angles to the surface from Halichondria seriata , 
Johnston, Chalina, Bowerbank, MS., illustrating very distinctly this ample mode of 
external defence. 

In the genus Diciyocylindrus, Bowerbank, MS., which consists principally of slender 
branching sponges, many of which in their living state are exceedingly fleshy in their 
appearance, the skeleton is formed of a central cylinder, composed of a network of 
spicula, from the surface of which radiate in vast quantities long, slender and acutely 
pointed spicula, which in the living condition project slightly beyond the dermal mem- 
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brane of the sponge, so that in the event of any small fish attempting to feed upon or 
suck this tempting bait, instead of a mouthful of soft and grateful gelatinous matter, he 
would. find himself assailed in every direction with an infinite number of minute points, 
many of which he would carry away ypth him deeply imbedded in the soft lining of his 
mouth, as the reward of his temerity and a warning against a repetition of .a like assault. 
Fig. 11, Plate XXIX. represents a small portion of a young branch of Diotyocylindrus 
rugosus , Bowerbank, MS., an undescribed British species, frequently found on'shellsand 
stones dredged up at Shetland, or the Orkney Islands. In the genus Tethea , in which the 
skeleton consists of fasciculi of large, stout spicula radiating from the base or centre of 
the sponge, the system of defence is somewhat more complicated. It is a combination 
of the terminations of the skeleton fasciculi with, in some species, the addition at the 
surface of the sponge of porrecto-ternate and recurvo-ternate spicula ; the latter two 
forms being probably aggressive as well as defensive, subserving the purpose of 
entangling prey as well as that of defence. 

This mode of defence is very beautifully illustrated in Tetliea cranium. The distal 
ends of the skeleton fasciculi, composed of large fusiformi-acerate spicula, are projected 
through the stout coriaceous surface of the sponge, and in the midst of this thick coat 
each of the passing fasciculi is surrounded by a cluster of stout short fusiformi-acerate 
spicula, their distal points closely embracing the fasciculus, while their proximal termi- 
nations are spread widely out in a circle around the lower part of the skeleton fasciculus, 
so as to form a strong and most efficient conical buttress to sustain it in its proper posi- 
tion, at the same time allowing a considerable amount of elasticity to meet pressure 
from without. Each skeleton fasciculus terminates with from two to eight or ten porrecto- 
ternate spicula, and occasionally we find one or two of the recurvo-ternate ones accom- 
panying them ; but their apices are rarely projected much beyohd the dermal membrane 
of the sponge, while the rest of the spicula extend considerably above it (fig. 12, 
Plate XXIX). The same system of defences prevails also in Tethea simillimus, Bower- 
rank, MS., from the Antarctic regions ; but in this species the recurvo-ternate spicula 
appear to be protruded in greater numbers and in more regular order than in our 
northern species, T. cranium. 

In Tethea muricata , Bowerbank, MS., the skeleton fasciculi are not protruded beyond 
the surface, but immediately beneath it we find the heads of numerous large furcated* 
expando-temate spicula, with remarkably long and acute terminal radii, while the 
dermal membrane is profusely furnished with attenuato-elongo-stellate spicula. 

In Tethea Norveyica and Ingalli , Bowerbank, MS., and in T. Lyncurium , Johnston, 
the same protection is attained in a different manner. Instead of the spicula of the 
skeleton fasciculi gradually converging towards a point, they diverge considerably as they 
approach *the surface, so as to present an infinite number of minute and nearly equi- 
distant points, and in addition to these the dermal membrane and the coriaceous coat 
of the sponge is supplied with an infinite number of closely packed stellate spicula. , 

In some species of the genus Geodia the system of external defences is still more 
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complex. Thus in 0 . M^Andrewii and O. Pai'retti the defences are double, one system 
consisting of a continuation of the great radial fasciculi of the skeleton as a protection 
against the assaults of the larger and more powerful assailants, and then of a secondary 
series consisting of an infinite mlmber of mini^e acerate spicula, based immediately 
beneath the dermal membrane and projecting to a slight extent beyond its external surface, 
effectifally protecting it and the porous system of the sponge from the attacks of its 
minute and more insidious enemies. 

Similar modes of external defences exist in various species of Pachymatisma and 
Pcionemia, but no two species appear to agree precisely in these respects. 

In the genera Microciona and Hymeraphia , Bowerbank, MS., differing widely in the 
structure of their skeletons from any of the sponges hitherto described, and frequently 
not exceeding in thickness the substance of a stout sheet of paper or a thin card, the 
same principles of defence are carried out, although their structure is widely different 
from each other. In the first genus, the skeleton of which is formed of short pedestals 
of keratode combined with spicula, each of the pedestals, which reach nearly to the 
surface of the sponge, is terminated with a radiating cluster of long curved and acutely 
pointed spicula, the apices of which pass through the dermal membrane in every direction, 
and thus form a most effectual series of external defences, while their shafts beneath serve 
as the framework of the intermarginal cavities of the sponge (figs. 1 & 2, Plate XXX.). 
In Hymeraphia , where the sponge is less in thickness than the length of one skeleton 
spiculum, and where they pass from the basal membrane of the sponge through the 
dermal membrane, their apices acting as external defensive organs, while their shafts 
form the essential skeleton of the animal, there is an especial provision for their preser- 
vation from injury. Their bases are expanded in the form of large bulbs, so as not only 
to afford a greater surface for attachment, but to allow them at the same time to act on 
the principle of a ball-and-socket joint, giving them a more than usual amount of attach- 
ment, and a power of yielding in every direction to pressure on their apices from without 
(fig. 4, Plate XXX.). The defence of the surface of the Halichondroid sponges is less 
apparent, but equally efficacious; the abundantly spiculous reticulations immediately 
beneath and supporting the dermal membrane, would render attacks of annelids or other 
small predaceous creatures exceedingly unpalatable. 

In the calcareous sponges the spicular defences are exceedingly interesting. In 
Qrantia compressa , the distal ends of the great interstitial cells are amply protected by 
numerous flecto-attenuato-acuate spicula grouped around their porous terminations, with 
their club-shaped ends curving in every direction over them, but in no degree interfering 
with the freedom of their inhalant action. In G?' anti a ciliata they are grouped in circles 
around the distal ends of the interstitial cells, but in this species they are acutely pointed ; 
and when the inhalant system is in a state of repose, they are concentrated at theif extreme 
points so as to form an elongate cone, effectually enclosing and protecting the porous 
ends of the cells within them ; but when the inhalant action is in full activity, their 
apices recede from each other until they assume the form of a cylinder, and then freely 
mdccclxii. 5 x 
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admit the incurrent streams of water, but effectually repel the advances of any dangerous 
assailant that may attempt an entrance. The distal termination of the cloaca in this 
species is also abundantly protected by a marginal fringe of long and very acute spicula, 
and is furnished with the same simple Jbut beautiful lhechanieal contrivances for opening 
and closing in accordance with the necessities of the animal. For a more complete 
description of the anatomy and physiology of this highly interesting species I must refer . 
my reader to the 4 Transactions of the Microscopical Society of London,’ vol. vii. p. 79, pi. 6. 

In other species of Grantia the same principles of external defensive action exist, 
but the precise mode is never exactly the same in any two species. 

Internal Defensive Spicula. 

The internal defensive spicula of sponges are exceedingly various in their forms and 
modes of application to their especial purposes; and they seem naturally to resolve 
themselves into three distinct groups : — 1st, those which are destined simply to repel ; 
2nd, those which wound and lacerate as well as repel ; and 3rd, those which are calcu- 
lated not only to destroy but also to retain intruders. 

The purposes of the first class of spicula are frequently performed by the ordinary 
spicula of the skeleton, which arc projected more or less into the cavities immediately 
within the oscula and other spaces requiring such protection ; but when especially formed 
for and appropriated to defensive purposes, they are always free from spines and usually 
terminate acutely ; and they are frequently provided with widely extended basal radii, 
sb as to fix them rigidly and firmly in their proper positions, as exemplified in -the various 
forms of spiculated triradiatc spicula represented by figs. 14, 15, 16, & 17, Plate XXIV., 
Phil. Trans, for 1858. 

The best illustrations of the application of the simple defensive spicula are to be found 
in the cloaca in several species of Grantia , as in G. ciliata, Johnston, and G. tessellata 
and ensata, Bowerbank, MS. In all these species this great central cavity is abundantly 
furnished with spiculated triradiate spicula, such as represented by figs. 15 & 16, Plate 
XXIV. Phil. Trans. 1858, which are so disposed that while the basal radii are firmly 
cemented on the surface of the cloaca, the spicular or defensive rays are projected 
from its surface, not at right angles to its plane, but always at such an inclination 
towards the mouth of the cloaca as to present a combined series of sharp points in the 
best possible position of defence, so that an intruding assailant could scarcely escape 
being seriously wounded by them, while a retiring enemy would pass with impunity over 
their inclined apices. In some species, as in G. tessellata , the defensive ray is naturally 
curved to the desired angle for defence (fig. 16, Plate XXIV. Phil. Trans. 1868), and it 
is also of such a form as to be readily released from the creature it has wounded, either 
by being attenuato-acuate or ensiform, as in fig. 15, Plate XXIV. PhiL Trans. 1868, 
from G. ensata , and as represented in situ by a small portion of a longitudinal section of 
the cloaca of a specimen of Grantia tessellata in Plate XXX. fig. 6, in which the defen-* 
sive radii are all curved in the direction of the mouth of the cloaca. 
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In the second division the internal defensive spicula are usually shprt and straight, and 
more or less covered with strong conical acutely pointed spines, projected either at right 
ahglies to the axis of the spiculum, or recurved considerably towards its base ; generally: 
speaking the spines are dispersed on all parts of t^ie spiculum without any approach to 
order, as represented in fig. 1, Plate XXIV. PhiL Trans. 1858, while in other cases, as 
in figs. 2 & 3 in the same Plate, they are arranged in verticillate order on all parts of 
the spiculum. In each of these varieties the bases of the spicula are usually profusely 
furnished with spines, so as to ensure a strong and somewhat rigid mode of attachment. 

There is undoubtedly a special purpose in every variation of the spination of these 
spicula, and in their presence generally. The short strong form and acute distal termi- 
nation admirably adapt them to encounter the larger description of intruding annelids, 
the most dangerous internal enemies of the Spongiadae ; while the spination of their 
shafts presents a series of minute weapons that would prove equally formidable to those 
intruders that were too minute to be affected by the larger weapons of defence. * 

The acuatc entirely spined defensive spicula are of very common occurrence in sponges, 
and are by no means confined to particular tribes or genera. As a general rule, when 
the external defences are very full and sufficient, we should not expect to find the internal 
defences abundant, and, on the contrary, when there appears lo be a paucity of external 
defences, the internal ones are frequently exceedingly numerous. Thus, in the genus 
Dictyocylindrus , Bowebbank, MS*, where in almost every species the surface of all parts 
of the sponge is bristling with the acute terminations of the radiating external defensive 
spicula, although in most of the species we find acuate entirely spined internal defensive 
ones, yet in many of the species they are so rare as to be by no means readily detected. 

When the skeleton is formed of keratose fibres, we find them dispersed on their surface 
without any approach to order, and projected at every imaginable angle. If the skeleton 
be formed of any of the varieties of spicular reticulations, they are based in a similar 
manner on the principal lines of the reticulated structure, and sometimes, but not very 
frequently, they occur in groups. 

I will not extend this portion of my subject to an unnecessary length by describing every 
mode of their occurrence, but select a few of the most interesting cases as illustrations 
of the general principles of their application. 

Fig. 6, Plate XXX. represents a small portion of the kerato-fibrous skeleton of an 
Australian sponge, with the attenuato-acuate entirely spined internal defensive spicula 
m situ. Fig. 7 represents a few fibres from a kerato-fibrous sponge from the West 
Indies, in which the yerticillately spined internal defensive spicula arc dispersed oven the 
fibres ; and fig. 8 represents the same description of defensive spicula from a West 
Indian, kerato-fibrous sponge, having the defensive spicula congregated in bundles. 
Sometimes, but not very frequently, they are found on the interstitial or basal membranes 
of the sponge, and under these circumstances many of them are prostrate in place of 
being erect; and in one sponge, Hymemaddon Cliftoni> Bowebbank, MS., a sin g ula r 
parasitical species from Freemantle, Australia, this prostration appears to be effected by 

6 n 2 
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an especial law. This singular sponge envelopes .several fan-shaped portions of a Fucus , 
and systematically appropriates the minute ramifications of its stem to the purposes of 
an artificial skeleton ; the whole sponge abounds with short stout attenuato-cylindricai 
entirely spined internal defensive spicula: but the remarkable circumstance Attendant on 
their presence is, that wherever the membranes supporting them envelope and firmly 
embrace a portion of the vegetable stem, they assume an erect position, and exhibit all 
the usual characters of defensive spicula ; but where the membranes merely fill up the 
areas of the vegetable network, they are nearly all of them perfectly prostrate, and appa- 
rently performing the office of tension, rather than of internal defensive spicula. Their 
form also is singular, being attenuato-cylindricai, not having the acute termination that 
is usual in this description of spicula. 

Fig. 9, Plate XXX. represents a small portion of the fibrous stem of the Fucus coated 
by the membranes of the sponge, and covered with spicula ; those immediately over 
the st&n being erect, while those on the membrane are prostrate. ( a ) represents one of 
this new form of internal defensive spiculum X 175 linear. 

In Ilymcraphia stellifera , Bowerbank, MS., an exceedingly thin coating British sponge, 
the internal defensive spicula present a singular variation from the normal form. In 
this case they assume the shape of an ordinary Florence oil flask, with a somewhat 
elongate neck, and having a beautiful star-shaped apex in place of a stopper. They 
occur in considerable quantities ; their large bulbous bases are firmly attached to the 
strong basal membrane of the sponge, and they are projected thence at every possible 
angle upward into the interstitial spaces. Their apices are crowded with stout acutely 
conical spines, which radiate in all directions. Fig. 3 a, Plate XXX. represents a group 
of these spicula in situ , elevated by a grain of sand beneath the basal membrane; and 
fig. 4 £, Plate XXX., one of the same form of spiculum, magnified 260 linear. In this 
form of spiculum, as in that of llymeniacidon Cliftoni , their purpose seems to be the 
infliction of laceration, rather than that of destruction, by deep wounds. In another 
species of Hymeraphia, 11. clavata , these spicula have the same large bulbous bases as 
those of H. stellifera , but their apices are acute, like those of the normal forms of such 
spicula. In all these cases we observe in their attachments the same approximation to 
the structure of the ball-and-socket joints of the higher tribes of animals, rendering 
them capable of yielding in every possible direction to the struggles of any enemy with 
which they may be entangled. 

In the third division of the internal defensive spicula there is an especial construction 
for retention as well as for destruction. Their apices are usually more or less hamate, 
as represented in figs. 7, 13, & 12, Plate XXIV. Phil. Trans. 1858, and their attach- 
ments to the sponge are usually such as to allow of a considerable amount of flexibility 
or motion. 

I will not attempt to describe the whole of the numerous variations in the modes of 
their application to defensive purposes, but select a few of the most interesting cases as 
illustrations of the general principles of combined internal defence and aggression* 
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The spinulo-recurvo-quaternate spicmlum, tile growth and development of which I 
have described in the first part of this paper (Phil. Trans. 1858, p. 298), presents an 
admirable iUustration of the combined defensive and aggressive character of some of 
these internal defensive spicula. The sponge in which they occur belongs to the Hali- 
chondroid tribe, the skeleton being composed of a network of spicula cemented together 
by their apices, which cross each other at the angles of the areas of the reticulations. 
The recurvo-quatemate spicula are not dispersed on all parts of the skeleton, but are 
congregated in groups, frequently consisting of as many as fifteen spicula, the whole of 
their bases being concentrated on one of the angles of the reticulations of the skeleton, 
while their shafts and apices radiate thence in every direction into the interstitial spaces 
of the sponge ; they are thus placed on the strongest and most elastic portion of the 
skeleton, with their hemispherical bases firmly imbedded in the cementing keratode of 
the skeleton, which abounds at the angles of the network, and which by its inherent 
elasticity and strength renders the insertion of the base of the spiculum, in strength and 
extent of action, quite equivalent to the powers of the ball-and-socket joints in the higher 
tribes of animals. A small annelid or other minute intruder entangled amidst these 
numerous sharp hooks would struggle hopelessly in such a situation, as the spicula, from 
the nature of their attachment, would yield readily to its struggles in every possible 
direction, and at every new contortion arising from its efforts to escape it would inevitably 
receive a fresh series of puncturfcs and lacerations. 

Fig. 10, Plate XXX. represents a small portion of the skeleton of the sponge bearing . 
the spinulo-recurvo-quaternate spicula in situ. 

In other instances, where defence alone appears to be contemplated, we do not find 
these beautiful adaptations for motion in every direction prevail. The bases of the 
spicula in those cases are abundantly spinous, and are evidently intended to maintain a 
firm hold by their attachments, and are destined rather to rigidly maintain their position 
than to yield to any struggling body with which they may be in contact The numerous 
spines with which these shafts are frequently covered are calculated to wound and lace- 
rate, rather than to retain the enemies with which they are engaged*. 

* Since I wrote the first portion of this paper, I have received from my friend, Mr. J. Tate Johnson, of 
Madeira, a new and very illustrative instance of the combination of defence and aggressidn in the structure 
and offices of the internal defensive spicula ; and in this case it is not a new organ, but an adaptation of a 
well-known form to a new purpose, in the shape of a contort trenchant bihamate spiculum of unusual size and 
structure. In the course of my examination of the results of the deep-sea soundings in the Atlantic, I found 
several of these spicula, and was much interested by the singularity of their structure, which at that time I 
could not comprehend. 

The general outline is much like that of the type-form bo commonly found imbedded in the Barcode, but 
it is somewhat less flexuous in its curves, and the shaft and hami are very much larger and stouter than 
those of the spicula of the sarcode. But the most singular point in their structure is, that while the curved 
portion of the hami and the middle of the shaft are perfectly cylindrical, the inner portion of the hooks and 
those parts of the shaft immediately opposed to them ^present sharp trenchant edges, so that each hook 
assumes to some extent the form of spring hand-shears. The acute termination of the hook and the opposed 
trenchant edges exhibit every facility for effecting an entrance through the tough skin of the victim, while 
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In Hyalonema mirabilis, Gray, a sponge nearly related to the genus Alcyoncelhwn , 
Quor et Gaimard, we find another extraordinary series of internal defences ; one portion 
of the spicula appearing to be destined to wound and lacerate, rather th^i to retain 
intruding enemies, while a larger and stronger series of spicular weapons bear all the 
evidences of being to retain rather than to repel the assailants. 

. The first description of spiculum I have designated entirely spined, spiculated cruci- 
form spicula. They consist of a short stout cruciform base with a long spicular ray, 
ascendingly and entirely spinous, projected at right angles from the centre of the basal 
radii. The spines are acutely conical, and very sharply pointed. They pass off from the 
spicular ray at an angle of 12 or 15 degrees in the direction of Its apex. The apices of 
the basal radii are attenuated and slightly spined. These spicula are thickly distributed 
on the fasciculi of the skeleton, and frequently equally so on one side of the interstitial 
membranes, probably that which forms the surfaces of the interstitial spaces, and they 
are especially abundant near the exterior oi the sponge. The four basal radii appear 
firmly cemented to the membrane, but not immersed in its substance, as they do not 
appear to leave their impressions when removed from it, nor do they bring any portion 
of the membrane away with them. In some parts of the tissue these spicula are very 
much modified in form. In the ordinary cases we find the basal radii short and stout, 
and not more than a fourth or a fifth of the length of the spicular ray, while in other 
cases the basal rays are very nearly as long as the spicular one ; the only difference in 
their structure being that the latter is very strongly spinous, while the former have the 
spines comparatively very slightly produced. 

The second form is a large fimbriated multihamate birotulate spiculum, which occurs 
dispersed amid the interstitial tissues of the large basal mass of the sponge. There are 
usually not more than one or two together, but occasionally they occur in groups of ten 
or twelve, without any approach to definite arrangement. 

. These spicula are comparatively large and stout. They have eight rays at each end of 
the shaft ; the two groups of radii curving towards each other to such an extent that each 


the perfectly blunt and cylindrical state of the arch of the hook bespeaks tho design of retention as well as 
of destruction. As soon as the hook has penetrated to the inner blunt surface of the curve, it no longer cuts, 
and the prey, wounded in every direction, is securely retained for the nutrition of the sponge. This result is 
indicated not only by the form of the spicula ; their position in the structure of the sponge bespeaks their 
fffice equally unmistakeably. They are not immersed in the sarcode like their congeners in form, but are 
firmly cemented by one hook to the reticulating lines of the skeleton, while theother ends are projected at 
various angles into tho interstitial cavities of the sponge in such numbers and in such a manner, that it 
would be next to impossible for an intruder within the sponge to escape being entangled and destroyed 
ymoqgst them. Fig. 1, Plate XXXI. represents a portion of the reticulated skeleton of the sponge with the 
trenchant contort biham ate spicula in situ, magnified 50 linear ; and fig. 2 one of the spicula, magnified 400 
linear, to exhibit the trenchant edges and the cylindrical portions of the hami and shaft. 

This sponge is allied to llalichondria by the structure of the skeleton, and it is described by my friend 
Mr. J. Yate Johnson as being a thin coating species, spreading over the surface of rocks and stones to thet 
extent of two or three inches in diameter. 
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forms the half of a regular oval figure * the opposite apices being separated to the extent 
of about the length of one of the radii Each ray is in form like a double-edged blunt- 
pointed knife, bent near the handle in the direction of a line at right angles to one of 
its fiat sides*; and each ray is strengthened and connected with the shaft of the spiculum 
by a stout curved web of silex, which extends from a little below the inner surface of 
the ray to a point on the shaft about opposite to its middle. The shaft is cylindrical, 
and has short stout tubercles dispersed over all its parts when fully developed. 

The structure of every part of this singularly beautiful spiculum is strikingly indica- 
tive of its office in the economy of the sponge ; the form and mode of bending of the 
radii, with their thin edges at right angles to the line of force in a struggling animal, 
and the powerful web at the base of the ray enabling it to sustain an amount of stress 
that the unsupported flat ray would never otherwise be able to endure. 

The spiculated cruciform spicula are exceedingly abundant in every part of the sponge, 
and no victim entangled and retained by the large multihamate spicula could avoid in- 
numerable wounds while struggling to effect its escape ; while the one held it secure 
within the sponge, the others, from the peculiarity of their form and mode of dispo- 
sition of their acutely pointed spines, would readily release it after the infliction of every 
puncture, only that the wounds might be multiplied until the creature was pierced in 
every part, and bled to death for the nutrition of the sponge. 

Fig. 3, Plate XXXI. represents a small portion of the skeleton of the sponge with the 
two forms of defensive and aggressive spicula in situ, magnified 50 linear. Fig. 4 repre- 
sents one of the multihamate bihamate spicula with a power of 83 linear, displaying the 
adaptation of its structure to purposes of retention. Fig. 5 represents one of the spicu- 
lated cruciform spicula on the same scale as fig. 4, showing their relative proportions, 
and fig. 6 the same form of spiculum with a power of 260 linear, to exhibit the pecu- 
liarities of its spination. 

It would be almost an endless task to describe every variety of these singularly beau- 
tiful contrivances for combined defence and offence in the interior of the Spongiadee. 
Those which I have particularized are some of the most elaborate and beautiful that I have 
seen during the course of my researches. In many other cases, where all that is required 
is defence, the means employed are of a much more simple nature. We find in the 
Spongiadee, as in other animals, that nature frequently economizes her means by the con- 
version of one organ to the purposes of another by slight adaptations or additions ; thus 
in Halichondria mcrustans , Johnston, and in other sponges, the skeleton spicula are made 
to perform the duties of internal defensive spicula, by being more or less furnished with 
spines, as represented in fig. 30, Plate XXIII. Phil. Trans. 1858, and in other cases we 
find them medially or apically spined, as in figs. 32, 33, & 34 of the same Plate. 

In like manner we find the spicula of the sarcode, by the extreme profusion in which 
they occur in that substance near the surface of some sponges, are turned to good 
account for the general purposes of external and internal defence, as well as for their 
special purpose of the protection and support of the sarcode. So likewise in the tension 
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spicula o i Spmgilla lacustris (fig. 21, Plate XXIV. Phil. Trans. 1858) they are made to 
serve as defensive organs as well as tension spicula ; and, again, in the spicula of the 
gemmules of the Spongiadse their skeleton spicula also perform the office of defensive 
organs as well, as represented by figs. 13 to 43, Plate XXVI. Phil. Trans. 1858. 

As regards, then, their protection from their enemies, there appears to be almost a 
natural prohibition to the sponges becoming, to any great extent while alive, the food of 
other creatures. The keratodc of their skeletons appears to be almost indestructible by 
maceration or digestion, and the abundance of the acutely pointed spicula that exist in so 
many of their bodies must render them anything rather than, desirable or digestible 
food to the generality of other marine animals ; and, in truth, I do not know of a single 
large fish, or other marine creature, that appears to prey upon them. The only animal 
in the stomach of which I have ever seen the spicula of any sponge was a Doris. But 
although appearing to enjoy almost an immunity from the common lot of animals, that 
of being eaten by others, they may yet serve, at their death by natural causes, to supply 
an immense quantity of animal molecules for the sustenance of the myriads of minute 
creatures that exist around them. 


Tension Spicula. 

The primary purpose of the tension spicula is that of strengthening and supporting the 
membranes, both external and internal. They are usually of the same form as those of 
the skeleton, but more slender and shorter in their proportions. On the internal mem- 
branes they are dispersed without any approach to order, and cross each other at every 
imaginable angle. They vary exceedingly in length and diameter, and are attached for their 
whole length to the tissues on which they repose. In some cases they are not readily to 
be distinguished from those of the skeleton, as they are frequently so nearly of the same 
size, and are intimately intermingled with them, as in the genus Hymeniacidon ; but in 
other cases, as in some species of Chalina and Isodictya, they may always be distin- 
guished by their position, and by the total absence of keratode around them, while those 
of the skeleton are always more or less coated by that substance. 

In other cases they differ materially in form and proportion from those of the skeleton. 
Thus in Halichondria incrust ans, while the skeleton spicula are stout, short, entirely 
spined and.acuate, as represented by fig. 30, Plate XXIII. Phil. Trans. 1858, the 
tension spicula are smooth, slender mucronato-cylindrical, as represented by fig. 23, 
Plate XXIV. Phil. Trans. 1858. They are frequently dispersed on the dermal mem- 
branes, much in the same manner as they are on the interstitial ones, abounding most 
where the areas are largest, and where the areas are small they are few in number or 
entirely absent; but in other cases, as in the dermal membrane of Halichondria 
incrustans , they are congregated in flat broad fasciculi, which are disposed on the mem- 
brane with little or no approximation to order. 

The tricurvo-acerate form in all its varieties is better calculated to effect their peculiar 
office in small and irregular spaces, and with greater economy in numbers, than the 
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straight elongated forms ; and they are also better adapted to membranes having unequal 
surfaces, such as those in Microciona armata , Bowerbank, MS., where we see«them 
following the undulations of the membranes and sustaining them in their proper positions 
abound the columnar parts of the skeletons. The varieties of form in these spicula are well 
represented by figs. 26, 27, & 28, Plate XXIV. Phil. Trans. 1858. They are all out of 
the same sponge. In Grantia compressa , and other closely allied species, where the 
structure is systematically membranous, the skeleton- spicula are triradiatc, supporting 
the membranes in uniform planes in the most effectual manner ; and they are, in fact, 
systematically tension .spicula, as well as skeleton ones. * In Grantia nivea , Johnston, 
which is not symmetrical in its structure like G. compressa and its congeners, other 
forms of tension spicula are developed to suit their especial purposes, such as represented 
by figs. 30 & 31, Plate XXIV. Phil. Trans. 1858. 

In siliceous sponges we also occasionally find triradiate spicula developed, and per- 
forming the- office of tension spicula, in the midst of comparatively large membranous 
areas ; but these forms, in every case under such circumstances in which I have seen them 
"in situ , appear to belong to the exception, rather than the general rule obtaining in such 
sponges. 

The foliato-peltate spicula, for a full account of the progressive development of which 
I must refer to page 298, Phil. Trans. 1858, appear to be a development of the apices 
of connecting spicula into dermal tension ones, bearing a strong resemblance in form 
and purpose to the bony scutes in the skins of some of the higher animals, while the 
extreme crenulation of their margins probably served the purpose of facilitating the 
action of the porous system. 

In all the varieties in form which I have hitherto described, and with which I am 
acquainted, where they perform the office of tension spicula only, they are destitute of 
spines. In other cases the tension spicula not only fulfil their own especial office, but they 
subserve that of defensive spicula also. Thus in the dermal membrane of Spongilla 
lacustris , Johnston, we find them dispersed rather numerously, covered with short 
acutely conical spines, as represented by fig. 21, Plate XXIV. Phil. Trans. 1858. 
In Spongilla alba , Carter, we find the tension spicula as abundantly spinous as those of 
S. lacustris , but in this case the spines are truncated (fig. 22, same Plate). They have a 
similarly blunted, imperfectly produced character in those of Pachymatisma Johnstonia , 
as represented by fig. 24. 

The production of tension spicula in the membranes of the Spongiadee is by no means 
a peculiarity of that class of animals. We find them in numerous beautiful forms in the 
skins of the Holothuriadse, varying in shape in the different parts of the animal to adapt 
themselves to the necessities of their situation ; but the closest approximation, both in size 
and form, to those of the Spongiadee are the bihamate ones that are found so abundantly 
dispersed on the membranous tubular suckers of Echinus sphasra ; and I have also seen 
another variety of these spicula in the tubular tentacles of a large common species of 
Actinia , and in the latter case they were even more minute than those the Spongiddee. 
mdccclxii. 5 o 
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Retentive Spicula. 

In the first part of this paper (Phil. Trans. 1858, p. 800) I have described the varieties 
in form and modes of development of these spicula. However varied they may be m 
form, when they are in their normal positions their office appears to be purely retentive. 
They are generally produced singly, and are dispersed without any approach to regularity 
over all parts of the sarcodous membranes of the sponge, abounding in some situations 
to a very much greater, extent than in others. Their positions on, and mode of attach- 
ment to, the membrane are exceedingly varied, but in almost every instance it is such as 
to render the spiculum obviously subservient to the retention of the sarcode on the mem- 
branes which it covers. In one instance only I have found the simple bihamate spicula 
congregated in loose fasciculi. In this sponge, a new and very interesting species, 
Hymedesmia Zetlandica , Bowerbank, MS., they occur in great profusion. Very few of 
them occur singly ; nearly the whole of them are found in rather loose fascieuli, and the 
number is generally so great in each as to render it very difficult or impossible to count 
them. The mode of their disposition in the bundles is symmetrical, all the hami being 
in the same plane and coincident in direction, as represented in Plate XXXI. fig. 8. A 
few bundles of reversed bihamate spicula were observed, and these in like manner were 
coincident in every respect like the simple bihamate ones. 

When these forms of spicula are equal in the amount of the development of their 
terminations, and when their hami or palms are coincident in plane and direction, their 
normal mode of attachment is at the middle of the bow of the shaft, and the direction of 
their projection is at right angles to the plane of the membrane on which they are 
situated, so that both terminations are rendered effective as retentive organs, as repre- 
sented in fig. 8, Plate XXXI., dispersed on the membrane. But when their terminations 
are in different planes, or unequal in amount of development, then the normal mode of 
attachment to the membrane is by one end of the spiculum, while the other end is pro- 
jected into the sarcode above at various angles. This mode of disposition of the inequi- 
anchorate form of spiculum is beautifully illustrated in Halichondria lingua , Bowebbank, 
MS., a new species of British sponge from the Hebrides. 

In this case, as in Hymedesmia Zetlandica , we find these organs congregated, but in a 
very much more symmetrical and beautiful mode. They occur in rosette-shaped groups ; 
the smaller palms being adherent to the membrane in a circular form, and disposed as 
close to each other as possible, while the larger palms radiate from the centre at angles of 
about 20 or 30 degrees from the plane of the membrane beneath, as represented by 
fig. 9, Plate XXXI. 

I have selected this group for representation in consequence of its containing but'a 
small number of spicula, and thus displaying the mode of arrangement more distinctly 
than a greater number would have done. In many cases these groups contain so Huge 
a number of spicula as to render any attempt to count them ineffectual, and in some 
instances so many are developed that the group assumes* the form of a ball rather than 
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that of a rosette. Fig. 10, Plate XXXI. represents a rosette-shaped group containing 
about the usual number of spicula. 

Besides the rosette-shaped groups in Halichondria lingua , there are a considerable 
number of these spicula dispersed oyer the surfaces of the membranes ; but the attachment 
of these spicula is more frequently at the middle of the shaft than at the smaller end of the 
spiculum, their normal point of attachment. In the single and separate mode of dispo- 
sition they are performing the office of equi-anchorate spicula, and the mode of their 
attachment is varied accordingly ; but under these conditions they are rarely ever so fully 
developed, nor do they attain the same size as those which form the radiating groups. 
Notwithstanding the numerous groups and dispersed spicula of the inequi-anchorate 
form, this sponge is also abundantly furnished with bihamate spicula of various forms, 
but they are never congregated like the anchorate ones. 

The same radiating mode of arrangement occurs in a parasitical Australian sponge 
from Freemantle, but the form of the terminations of the spicula is very different from 
those of Halichondria lingua. The distal termination of each of the inequi-anchorate 
spicula is shortened in length, but expanded laterally to a considerable extent, and its 
terminal edge is furnished with three thin pointed teeth. The distal end has two small 
expanded and raised wings, projected in the direction of the inner curve of the spiculum, 
and so disposed as to cause it to resemble very closely an engineer’s spanner for bringing 
up to their bearings projecting square-headed screws. Thus, although the forms of the 
termination of the two varieties of spicula vary to a considerable extent, the principles of 
their structure and purposes are in perfect unison. Fig. 11, Plate XXXI. represents a 
group of these spicula, and fig. 12, Plate XXXI. a single spiculum highly magnified to 
display their peculiarity of structure. 

These forms of spicula appear to be peculiar to the siliceous sponges. I do not recollect 
having ever seen them in any species of calcareous sponge. 

Spicula of the Sarcode. 

The primary office of the whole tribe of multiradiate spicula is evidently that of con- 
solidating the sarcodous substance of the sponge, nor is their presence in the exercise of 
this office confined to the Spongiadae. In the soft parts of the extensive family of the 
Gorgoniadffi we find them in vast abundance, and in every variety of form, from an 
elongate tubercular spiculum to the elongo-stellate forms of the Spongiadae, and the preva- 
lence of the bluntly terminated radii is strongly indicative of their non-defensive character. 
But this latter quality does not obtain in other cases, either as regards the higher tribes 
of animals or the Spongiadae. Thus we find in numerous species of compound tunicated 
animals their fleshy substance is crowded with sphero-granulate spicula, very closely 
resembling in form those of the sphero- and subsphero-stellate shapes so abundant in 
Tethea Ingalli and T. robusta (figs. 14 & 15, Plate XXV. Phil. Trans. 1858). In both 
these cases the acute termination and the peculiarities of their respective situations are in- 
dicative of their subserving the office of defensive, as well as that of consolidating spicula. 

5 o 2 
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In some species of Tethea , where the sponge is elaborately protected by distinct 
systems of defensive spicules, the subsphero- or sphero-stellate forms are either entirely 
absent, or only represented by minute clavate or cylindro-stellate forms ; but in Tetheu 
Ingalli and in Oeodia carinata , where there is an almost total absence of elongate 
defensive spicula at the surface of the sponge, the acutely pointed large subsphero* 
stellate spicula are exceedingly numerous immediately beneath the dermis, and gradually 
decrease in number in an inward direction until they almost cease to exist in the deeper 
portions of the sponge. Thus their presence in such abundance near the surface of the 
animal would tend materially to check the voracity of any enemy that might attempt to 
prey upon them. In like manner we find the smooth and abundantly porous membrane 
of Tethea muricata (figs. 14 & 15, Plate XXXI.) crowded with the elongo-attenuato-stellate 
form represented in Plate XXV. fig. 18, Phil. Trans. 1858 ; and a single glance at them, 
as represented in situ , will show how admirably they are calculated to defend the delicate 
tissue on which they repose from the attacks of even their most minute and insidious 
enemies. The mode of their disposition is also strongly indicative of their defensive 
functions, their long axis being, not parallel to the plane of the membrane beneath, but 
at right angles to it. 

In Tethea Norvegica , Bowerbank, MS., where the surface of the sponge is well 
provided with external defensive spicula, the large subsphero-stellate form is compara- 
tively rare, but the tissues of the neighbourhood of the intermarginal spaces and canals 
are crowded with the minute attenuato-stellate forms, and their surfaces are bristling 
with the sharp points of their radii, so that no intruding annelid could either take a 
mouthful from their surfaces or crawl over them with impunity. Deeper in the sponge, 
beyond the range of penetration of such enemies, they are comparatively very few in 
number, and the large subsphero-stellate ones are entirely absent. 

The hexradiate forms represented by figs. 24 to 30, Plate XXV. Phil. Trans. 1868, 
are more especially found in the siliceo-fibrous sponges. I have only seen two speci- 
mens of this class of sponges in which the sarcode was well preserved. In one of these 
I have observed the slender form like that of fig. 34, Plate XXV., occupying the areas 
of the rigid siliceous skeleton completely surrounded by sarcode, which stretched from 
one ray to another in thick glutinoid plates, but without touching the surrounding ske- 
leton-fibres, excepting at one basal point connecting it with the general mass of the sar- 
codous tissues. From the positions and general appearances of the hexradiate spicula, it 
would appear that this form of spiculum has the office more especially of supporting and 
consolidating the sarcode, and that it is in no respect subservient to defensive purposes. 

Generally speaking the slender rectangulated hexradiate spicula occur singly, but I 
have sometimes found them grouped together ; in this case their axes were coincident, 
and their radii in the same plane, or very nearly so, but not always agreeing in their 
direction ; such a framework would form a very fitting support to a large mass of sar- 
codous tissue partially separated from the framework of the skeleton and occupying a 
portion of a large interstitial space. 
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In the large open areas of the skeletqn of Euplectella aspergillum, Owen, the hexradiate 
forms, ranging from fig. 24 to fig. 33, Phil. Trans. 1858, are exceedingly abundant, and a 
considerable number of them are not developed to the extent of the full number of their 
radii. This may probably arise from the development of the radii being stimulated by 
the necessities of the mass of sarcodous tissues in which they are imbedded, and conse- 
quently where no necessity for their presence exists they would not be put forth. In 
the trifurcate and quadrifurcate hexradiate forms, if we may judge from the termination 
of their radii, they, like the simple stellate forms, are either purely consolidating, or they 
combine with that office that of defensive spicula also, as far as regards the sarcodous 
substance in which they are imbedded. 

We can scarcely imagine any defensive properties in the slender and complicated but 
elegant forms of the floricomo-stellate spicula, and it is probable that their office is purely 
that of assisting in the consolidation of the sarcodous substance. 

The whole of these beautiful stellate forms of spicula arc siliceous, while their homo- 
logues in the Gorgoniadce and_the compound Tunicata are calcareous ; and it is somewhat 
remarkable that hitherto none of these forms have been found in the calcareous species 
of sponges. 

Spicula of the Ovaria and Gemmules. 

We find the same laws in force regarding the spicula in the structure of the minute 
bodies which have been'designated gemmules by previous writers on the Spongiadse, that 
obtain in the sponges themselves. In some they serve the purposes of internal skeleton 
and defensive spicula as well. In others they combine the offices of tension and defen- 
sive organs, and frequently they are very different in form from those of the parent 
sponge. In the first part of this paper, in Plate XXVI. figs. 11 ta 42, Phil. Trans. 1858, 
I have figured the varieties of form that I have hitherto found in the ovaria and gem- 
mules, and I have shown that these bodies may be classed in three groups. 

1. Those which have the spicula disposed at right angles to lines radiating from the 
centre of the ovarium to its surface. 

2. Spicula disposed in lines radiating from the centre to the circumference of the 
ovarium. 

3. Spicula disposed in fasciculi in the substance of the gemmule from the centre to 
the circumference. 

In Spongilla Carteri, Bowerbank, MS., and S. Jluviatilis, Johnston, our commonest 
British species, belonging to the first group, the external series of spicula of the ovaria are 
of the same form as those of the skeleton, but frequently somewhat shorter. They are 
disposed irregularly over the surface of the ovarium, and firmly cemented to it by the 
middle of the shaft, while each of their apices is projected in tangental lines. Thus 
their shafts perform the office of tension spicula, while their terminations become efficient 
weapons of defence. Fig. 11, Plate XXVI. Phil. Trans. 1858, represents the spiculum 
of the ovarium of S. Carteri . 

In other cases in this group we find these spicula differing from those of the skeleton 
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of the parent sponge ; thus, the one that is represented by fig. 13, Plate XXVI. Phil Trans. 
1868, from the surface of Spongilla lacustris, , Johnston, is curved so as to accommodate 
it to the rotundity of the ovarium; and we do not fuuHts apices projecting as in those 
of S. fluviatilis , but instead of the projecting apices, the whole spiculum is covered with 
minute spines, assimilating it in character with the general structure of those spicula 
which combine the office of tension and defensive spicula, but differing considerably in 
their proportion from the tension spicula of the same sponge, S. lacustris , represented 
by fig. 21, Plate XXIV. Phil. Trans. 1868, the one being evidently destined to sustain 
and protect extended membranes, while the other is especially adapted for a small curved 
surface by its form and small size ; each of the figures being drawn with the same power, 
660 linear. 

On the surface of the ovarium of Spongilla cinerea , Carter, we find this description 
of spiculum still more decidedly produced. It is of a cylindrical form and entirely 
spined, and has just the amount of curvature that is in unison with the curved surface 
on which it reposes. The spines on the middle of the shaft are cylindrical, and termi- 
nated bluntly, so as to strengthen its hold on its imbedment. Those of its apices, on the 
contrary, are acutely conical and recurved, and are strongly produced, so as to form very 
efficient weapons of defence. This spiculum is represented by fig. 17, Plate XXVI. 
Phil. Trans. 1858. 

The birotulate and boletiform spicula of the second group appear to be more purely 
structural, as regards the skeleton of the ovarium. The rotulce are very closely packed 
at both the external and internal surfaces of that body, and the crenulation or dentation 
of each rotula is as well produced on the internal as on the external ones, and it appears 
to be very influential in maintaining each spiculum in its proper position. In the 
natural condition of the ovaria these spicula are entirely imbedded in its walls, and 
other spicula of a truly defensive nature are superimposed for its protection. The large 
spines in the shafts of the birotulate spiculum from Spongilla plumosa, Carter, fig. 21, 
Plate XXVI. Phil. Trans. 1858, are also apparently subservient to strengthening and 
maintaining the spiculum in its proper situation, although they are acutely terminated, 
as defensive spines usually are ; but in the same relative position on the birotulate spi- 
cula of Spongilla Meyeni , Carter, we find the spines short, stout, and cylindrical, 
spreading or budding at their apices, and evidently more fitted for assisting to retain the 
spiculum in its proper place than for defensive purposes. This spiculum is represented 
by fig. 29, Plate XXVI. Phil. Trans. 1858. 

There is an apparent analogy between the expansions of the rotulro and those of the 
folio-peltate spicula, but they do not appear, like the latter, to be derived from the 
temate forms. The radiations of the canaliculi, as represented by fig. 32, Plate XXVI. 
Phil. Trans. 1858, are not derived from three primary rays, but each appears to emanate 
from a central cavity at the end of the shaft; and their number, 22, at their proximal 
termination is not reconcileable with any regular number of bifurcations arising from 
three primary rays, however short we may imagine them to be. 
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; * * 

The progressive decline of tfie inner rotula in the inequl-birotulate spiculum of Sponc 
gilla paulula (fig. 31)) and its all but total extinction in Spongilla reticulata and Span* 
gilla recwrvata (figs. 33 & 34) until the distal rotula merges in the scutulate form, 
with an acute external umbo in place of an internal shaft as in Spongilla Brownii, figs, 
35 & 37 , Phil. Trans. 1858, exhibit a very interesting series of gradations of develop* 
ment in the same description of organ. 

The spicula of the third group (those having the spicula disposed in fasciculi in the 
substance of the gemmule) differ less in character from those of the parent sponge than 
either of the preceding groups. They are in reality but modifications of the external 
defensive spicula of the parent sponges. 

The inequi-fusiformi-acerate one (fig. 39, Plate XXVI. Phil. Trans. 1858) differs from 
the fusiformi-acerate one of the skeleton in no other respect than in the greater propor- 
tionate attenuation towards its distal termination, which gives it a degree of flexibility 
that allows of its bending freely under the pressure of any comparatively large body ; 
and I have seen them, when two gemmules have been pressed closely together, bent to 
the extent of semicircles without breaking. In the young gemmules these spicula are 
usually projected much beyond the other forms of defensive spicula that accompany 
them. 

In like manner the small attenuato-porrecto-temate form (fig. 43, Plate XXVI. Phil 
Trans. 1858) is a modification of the similarly formed external defensive spicula of the 
parent sponge. In the adult gemmule the apices of these spicula rarely project beyond 
the dermal membrane, and it is only on pressure from without that they would be 
brought into effective use. The amount of the angle of their radiation at the apex of 
the spiculum is therefore greatly increased beyond those of the external defensive ones 
of like form in the parent sponge, so as to accommodate their apices to the curve of the 
surface of the gemmule, and to render each point equally effective ; and as they are not 
projected beyond the dermal surface, as in the sponge, their shafts are shortened pro- 
portionally. 

The unihamate, bihamate, and recurvo-ternale forms of the same gemmules (figs. 40, 
41 & 42, Plate XXVI. Phil. Trans. 1858) are also modified forms of the recurvo- 
temate external defensive spicula of the parent sponges, Tethea cranium and eimillirms . 

Of the other forms of “ spicula the position of which are unknown,” I can say little 
more than I have before stated, excepting that I have since found the subspinulato- 
arcuate one, represented by fig. 51, Plate XXVI. Phil. Trans. 1858, in situ in a new 
species of sponge from Freeman tie, Australia, Hymeniacidon Cliftoni , Bowerbank, MS., 
and that it is a retentive spiculum. 

The Interstitial Canals and Cavities . 

♦ 

These organs exhibit their most complete mode of development in the genus Spongia 
and in the Halichondroid sponges, occupying nearly the whole of the masses of the 
animals. They consist of two distinct systems, an incurrent and an excurrent one. 
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The incurrent series have their origin in the intermarginal cavities immediately within 
the dermal membrane, and their large open mouths receive from these organs the water 
inhaled through the pores and convey it to the inmost depths of the sponge, ramifying 
continually like arteries as they proceed in their course downward until they terminate 
in numerous minute branches. The inhaled fluid is then taken up by the minute com- 
mencements of the excurrent series, which continually unite as they progress towards 
the surface of the sponge, in the manner of veins in the higher animals; until they 
terminate in one or more large canals which discharge . their contents through the 
oscula of the sponge. This system is found to obtain in the whole of the genus Spongia 
and in the massive Halichondroid sponges, which have their oscula dispersed over their 
external surfaces. By this mode of organization the inhaled fluid, laden with nutritive 
particles, is poured at pleasure into the internal cavities of the sponge, flowing over 
extensive membranous surfaces coated with sarcode; so that the aggregated surfaces 
become a great system of intestinal action, fully equal in proportional extent to that 
of the intestines of the most elaborately organized mammal. 

They do not in every genus exhibit the regularity of structure described above, and in 
some cases the canalicular form resolves itself into a series of irregularly formed spaces. 
In other cases, where a common cloaca exists, there appears to be but one system of 
interstitial canals, those which convey the inhaled fluid from the pores through the 
substance of the sponge to the parietes of the great central cloacal cavity which 
receives the whole of the faecal streams, rendering the system of excurrent canals 
unnecessary. 

In the Cyathiform sponges we find a somewhat similar structure. The outer portion 
of the cup is essentially the inhalant surface and the interior of it the exhalant one, and 
there accordingly we generally find a great number of small oscula dispersed on all 
parts of it, very often having their margins slightly elevated, that the fsecal matter that 
issues may be discharged free of the surrounding membrane. 

The large fistular projections which form such striking and beautiful objects in the 
genus Alcyoncellum are also great cloacal organs, their dermal membranes abounding in 
pores, and their inner surface furnished with oscular orifices, the intervening space being 
occupied by the interstitial cavities, the interior forming one large cloacal cavity, which 
discharges its contents through a cribriform mouth at its distal end. In Grantia both 
systems, the incurrent and excurrent interstitial canals, become very nearly obsolete, the 
large intermarginal cavities or cells imbibing the water through their pores on the distal 
extremities, and becoming enlarged and elongated until they reach the parietes of the 
great central cloaca, into which they discharge their contents, each through a single 
osculum, into a short depression or cavity in the parietes of the great cloaca, and this 
shallow cavity represents the nearly obsolete system of excurrent canals. • 

The membranes lining the incurrent and excurrent canals are frequently highly 
organized. In the common honeycomb sponge of commerce, when in the same condi- 
tion as when taken from the sea, these canals are constructed of a series of compound 
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membranes, each consisting of simple interstitial membrane with a layer of primitive 
fibrous tissue beneath it ; the fibrous portion consisting of a single series of fibres 
parallel to each other, and so closely adjoining as to touch each other through nearly 
their whole course (Plate XXVII. fig. 4). 

When the fibres are clear of the membranous tissue they appear as simple pellucid 
threads, but when covered by the membrane they frequently appear as if moniliform ; 
this character seems to be due to minute molecules arranged in linear series on the 
membrane immediately above them. These membranes abound in large open oval 
spaces, so that the tissue assumes very much the appearance of areolar tissue, as 
described by Professor Bowman in his treatise on mucous membrane in the ‘ Cyclopaedia 
of Anatomy and Physiology.’ 

The layer of membrane forming the surface of the canal has its fibres disposed at 
light angles to the axis of the canal, while those of the layers beneath it assume various 
directions, usually in straight lines, excepting in the vicinity of the areas of communica- 
tion, around which they curve to strengthen their margins. 

In the canals deeply buried in the mass of the sponge, the sides frequently consist of 
but one layer of membrane and primitive fibrous tissue, and in this case also the fibres 
are always disposed at right angles to the axis of the canal, but they are neither so 
numerous nor so closely packed as in the sides of the great excurrent canals. 

The interstitial membranes are also furnished with these fibres, sometimes in consider- 
able quantity, but rather irregularly disposed, while in other cases a single fibre only 
will be observed meandering across the tissue. 

The interstitial membranous tissues in a beautiful little specimen of Alcyoncellum 
from the North Sea, for which I am indebted to my friend Captain Thomas of the Hydro- 
graphical Survey, are very similarly constituted to those of the sponges of commerce, 
'ft’he membranous walls of the interstitial cavities are each formed of a series of fibro- 
membranous layers, the fibres of each layer being disposed at angles varying from those 
above and below it 

Figures 1, 2, 3, & 4, Plate XXVII. represent portions of the lining membranes of 
the incurrent and excurrent canals, and the mode of the disposition of the primitive 
fibrous structure upon them. 

Intennarginal Cavities. 

In the Halichondroid sponges, immediately beneath the dermal membrane, there are 
numerous and, comparatively speaking, large irregularly formed cavities which receive 
the water inhaled by the pores, and convey it to the mouths of the incurrent canals, 
which have their origin in the deepest portions of the spaces. These organs, from their 
irregularity in size and form, are not always very apparent ; but if a section be made at 
right angles to the surface in a dried specimen of IlalichondHa panicea or Hal. simulam y 
Johnston, they may be readily detected and distinguished from the interstitial canals 
and spaces of the sponge. 

Fig. 13, Plate XXXI. represents a section of Halichondria panicea , and fig. l r 
mdcgglxii. 5 p 
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Plate XXXII- a similar section of a branch of HaUchondria simulate , Johnston, showing 
tha4 however varied the forms of the sponge may be, the interstitial cavities are the 
same in structure and position. 

I have never been able, in the Halichondroid sponges, to detect valvular diaphragms 
separating these spaces from the interstitial canals and cavities beneath. 

In the genera Geodia and Pachymatisma these organs assume a very much greater 
degree of regularity and a complexity in their organization that are never apparent in 
those of the Halichondroid sponges. In Geodia Barretti, Bowebbank, MS., a highly 
organized species of the genus, they are found in the crustular dermis in great abun- 
dance. They are in form very like a bell, the top of which has been truncated. They 
are situated in the inner portion of the dermal crust ; the large end of the cavity being 
the distal, and the smaller end the proximal one. The open mouth or distal end of the 
cavity is not immediately beneath the dermal membrane. There is an intervening stra- 
tum of membranes and sarcode, of about two-fifths the entire thickness of the dermal 
crust, which is permeated by numerous minute canals which convey the water inhaled 
by the pores to the expanded distal extremity of the cavity. The proximal end is closed 
by a stout membranous valvular diaphragm, which the animal has the power of opening 
and closing at its pleasure. It is usually entirely destitute of the characteristic dermal 
spicula that are found abundantly in the adjoining membranous tissues. 

The action of the diaphragm of each cavity appears to be independent of the surround- 
ing ones, the condition or degree of opening of no two adjacent ones being alike. In 
the greater number of cases they were in a closed state, and in this condition the mem- 
brane was filled with concentric circles composed of minute rugae or thickened lines, and 
at the centre it was closely pressed together, completely closing the orifice. In some 
cases the membrane was only partially closed, and the orifice was either circular or 
slightly oval ; in others it was nearly as large as the diameter of the basal end of the 
cavity. The pursing of the centre of the membrane of the diaphragm was always out- 
ward as regards the cavity, so that when viewed from within it appeared as a slightly 
funnel-shaped depression, the bottom of which was conical. The cavities are lined by 
a smooth and tolerably strong membrane, abundantly supplied with slender fibrous 
tissue, disposed in nearly parallel lines at right angles to the long axis of the cavity. 

The adaptation of the skeleton to the support of these elaborately constructed organs 
is very remarkable. The sponge is furnished abundantly with large expando-temate 
spicula, the radii of which are furcated at their apices. They occur in a series of 
bundles ; the long attenuated shafts of each fasciculus approximate at their bases, and 
diverge thence until the temate head of each is about equally distant from its surround- 
ing neighbours, and the extremities of the rays touch or slightly cross each other, thus 
forming a beautiful and regular network, the meshes being six- or seven-sided, according 
to circumstances. The upper surfaces of the r adii are firmly attached to or partially 
imbedded in the under surface of the crustular stratum, and the areas thus formed are 
occupied each with the proximal valvular terminations of one of the intermarginal cavities. 
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The progressive development of these inhalant areas, formed by combinations. of the 
radii of the temate forms of spicula, in different species of sponges is very interesting. 
In Pachymatisma they are so indefinite that they can scarcely be said to exist. The 
temate spicula are few in number and very irregular in their mode of disposition, and 
a faint indication only of their future regular combination to form the dermal reticular 
tion is apparent In the more highly organized genus Geodia we find them in different 
species in -progressive stages of combination, until, in G. M c Andrewii and Barretti , the 
apices of the radii of the temate spicula are interlaced with each other, and a conti- 
nuous irregular network is formed, each area of which is filled with the proximal termi- 
nation of an intermarginal cavity. In Dactylocalyx Prattii , Boweebank, MS., the 
structure advances another stage towards perfection. 

There is the same design as that exhibited in the construction of the dermal areas in 
Geodia M e Andrewii and Barretti , but there is a considerable difference in the applicar 
tion of the areas produced by the combinations of the temate apices. In Geodia these 
areas are placed beneath the highly organized and regularly formed intermarginal cavi- 
ties, and form the framework and support of their valvular proximal ends ; while in 
Dactylocalyx Prattii they are situated above the distal ends of the intermarginal cavi- 
ties of the sponge, which have not the regular structure and valvular appendage of 
those of Geodia , but are similar to the like organs in the Halichondroid sponges, and 
in this position they serve only to support and strengthen the dermal membrane, which 
adheres firmly to their distal surfaces. In this situation they are subject to a greater 
chance of pressure and disruption than the more deeply seated ones of Geodia , and 
accordingly we find extra provisions for the safety of the junctions of their radii. The 
shafts of these spicula are short, stout, and conical, and they penetrate but a very short 
distance into the substance of the sponge. They do not appear to be cemented to any 
part of the rigid siliceo-fibrous skeleton, but are merely plunged into a somewhat thick 
stratum of membranous structure reposing on the surface of the skeleton. Their radii 
are compressed considerably and extended laterally, so that their planes are in accord- 
ance with that of the dermal membrane, and they present a greater amount of adhesive 
surface than those having cylindrical radii. The temate rays ramify irregularly. Some- 
times one ramus, after slightly pullulating, remains nearly obsolete, causing the branch 
to assume a geniculated form like some of the ramifications of a Deer’s horn, and no 
two appear to be exactly alike; in fact there is every appearance that each ray is 
influenced and modified in its development by the necessities of combination with the 
adjoining spicula, and their apices are directed in such a manner that they lap over each 
other in opposing lines, so that each two form a spliced joint, giving a much greater 
amount of strength than the mere crossing of the radii at various angles as in those 
of Geodia. The inhalant areas thus formed appear to differ very slightly from those 
of HaUchmdria panicea, in each of which several pores are opened, while those 
of Dactylocalyx Prattii seem to be devoted each to a smaller number (Plate XXIX,. 
figs. 8 & 9). 


5 p 2 
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As the ternate spicula thus united for the support of the dermal membrane would 
affond it little or no protection against the voracity of its smaller enemies, we find the 
necessary defence in innumerable short, stout, entirely spined cylindrical spicula not 
exceeding of an inch in length ; thus minute, there is no conceiving a predaceous 

creature with a mouth so small that they would not enter and become a subject of 
annoyance so great as to interfere seriously with its attacks on the membrane; and 
they are so numerous, and so closely packed together, that no portion of it equal in size 
to the length of a spiculum could be removed without one or two of them accom- 
panying it. 

A still further advance in this system of dermal support and defence is exhibited in 
the beautiful harrow tissue of Dr. A. Farre’s siliceo-fibrous sponge, to which his speci- 
men of Euplectella cucumer , Owen, is attached. In this case we have a perfect and 
regular quadrilateral network of smooth siliceous fibre, from the angles of which a 
double set of short conical spicular shafts are projected, each about y^th of an inch in 
length and entirely spined. Each set are at right angles to the plane of the network, 
one series pointing inward, and serving the purposes of attachment to the mass of the 
sponge beneath, while the other set are directed outward, serving as defensive weapons ; 
so that a small piece of this tissue beneath the microscope closely resembles an agricul- 
tural harrow, with the difference that it has two sets of teeth in opposite directions 
instead of one. The dermal membrane has been nearly all destroyed ; but entangled 
with the fibres of the skeleton there are some attenuato-stellate spicula, with which it 
is probable the dermal membrane w as amply furnished as secondary defences against its 
minute enemies. 

I believe the surface presented to the eye in the portion represented in Plate XXXII. 
fig. 7 to be the external surface, as the fragments of the dermal membrane which 
remain all seem to cover that side of the fibres. Generally speaking there is some 
difficulty in detecting the double series of spicular organs at the angles of the network, 
but a reversal of the object beneath the microscope immediately removes all doubt on 
that subject. 

In Grantia compressa and ciliata the intermarginal cavities appear to attain their 
highest degree of development, and are multiplied and expanded to such a degree as to 
almost supersede every other organ. The whole sponge in these species is formed of 
a great accumulation of elongated cells or cavities, closely adjoining each other and 
angular by compression. Their conical distal terminations, abounding in pores, repre- 
sent the external surface of the sponge, while their valvular proximal ends form the 
inner surface, in conjunction with the shallow cavities, into the distal ends of which 
each cell discharges its contents. These shallow depressions, intervening between the 
intermarginal cavities and the cloaca, are all that remains to represent the incurrent 
portion of the interstitial systems so largely developed in the Halichondroid sponges, the 
great cloacal cavity entirely superseding the excurrent spaces and canals (Plate XXXIIL 
figs. 1 & 2). 
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In these species of Orantia there is no doubt regarding the existence of cilia, the 
whole of these great cavities being completely lined with them. • 

• It is a question whether the intermarginal cavities share, in common with the inter- 
stitial canals, in the function of the assimilation of nutriment, or whether they are 
devoted solely to the aeration of the fluids of the animal ; and this, if we consider the 
structure and extent of the interstitial canals in the Halichondroid sponges, is probably 
the case. In Grantia the abundant provision of cilia in those cavities at once stamps 
them as breathing-organs ; and although cilia have never yet been satisfactorily proved 
to exist in the intermarginal cavities of the Halichondroid sponges, there can be no 
reasonable doubt of their being the homologues of the large ciliated cavities in Grantia 
compressa and other similarly constructed sponges. Now in these sponges, although 
the cilia may be readily seen in vivid action within the open oscula, as I have described 
at length in my paper “ On the Ciliary Action of the Spongiadac,” published in the 
‘ Transactions of the Microscopical Society of London,’ vol. iii. p. 137, not the slightest 
trace of cilia exists without those organs ; and this seems to indicate that the aerating 
functions were strictly confined in these sponges to the large intermarginal cavities. 

The same mode of reasoning applies equally well to the intermarginal cavities of 
Geodia and Pachymatisma , to which it is probable that the cilia are in like manner con- 
fined. The great valves at the proximal ends of these cavities in this tribe of sponges 
appear to strongly indicate a decided separation of the functions of aeration and diges- 
tion ; and if this conclusion be true in regard to the intermarginal cavities of Geodia 
and Pachymatisma , it will probably be so in the homologous organs in Grantia ; and in 
this case we must look for the digestive surface in the shallow cavities intervening 
between the terminal valve of the intermarginal cavities and the parietes of the great 
cloaca, and of the surfaces of that organ itself. The structure and functions of the 
intermarginal cavities, and especially as displayed in Geodia and Pachymatisma , indi- 
cate a closer alliance with the great class Zoophyta than has hitherto been suspected 
to exist. In the one case we have an accumulation of individual animals conjoined in 
one mass ; in the other a similar congregation of organs in place of individuals. 

Dermal Membrane. 

The dermal membrane envelopes the sponge entirely. When denuded of sarcode by 
partial decomposition, it has the appearance of a simple, pellucid, unorganized mem- 
brane. In the living state its inner surface is somewhat thickly coated with sarcode, 
and it has the appearance of, comparatively speaking, a stout, tough skin, and in many 
sponges it requires a considerable amount of violence to tear it. The dermal membrane of 
the Turkey sponge of commerce, Spongia officinalis , is abundantly supplied with primitive 
fibrous tissue. It curves round the margins of the porous areas, thickening and strength- 
ening the whole of the dermis to a very considerable extent; but it exists to a very slight 
extent in the pellucid membranes of the areas in which the pores are opened. When 
alive, it is replete with powers of life and action of a very remarkable description. 
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Without the slightest appearauoe of nerves or muscles, it has the power of opening 
pores on any part of its surface %nd of closing them again at pleasure, without leaving 
a trace of their existence to indicate the spot they occupied; and there is no amount df 
laceration or destruction that it does not seem capable of repairing or replacing in a 
very short period, reproducing itself over extensively denuded surfaces in a very few 
hours. It also shares, in common with the interstitial membranes, the power of 
strongly and quickly adhering to other sponges of the same species with which it may 
be brought in contact, but never with those of a different species, however long the two 
may remain pressed against each other. In some sponges the distal extremities of the 
skeleton pass through and project beyond the surface of the dermal membrane, while 
in other cases the whole of the skeleton is confined within it. 

I will not describe at length these remarkable powers of the dermal membrane, but 
refer the reader to a series of observations on the “ Vital Powers of the Spongiadee,” 
published in the Reports of the British Association for 1850, p. 438, and for 1857, 
p. 121, in which I have described in detail a series of observations and experiments on 
living sponges, which demonstrate in a satisfactory manner the extent of the vital powers 
and capabilities of this highly sensitive membrane. 

In some species of sponges the outer surface of the skeleton is especially modified to 
strengthen and support the dermal membrane. Thus in some of the keratose sponges 
of commerce, in parts of the sponge which have been in contact with other sponges, or 
with rocks or stones, we find a fine network of stout fibres immediately beneath the 
derma, as represented by fig. 9, Plate XXXII. ; and Isodictya varians , Bowerbank, MS., 
is always furnished with a fine network of spicula, the reticulations consisting of a single 
series of spicula only, and on this framework the dermal membrane is firmly cemented. 
Fig. 8, Plate XXXII. represents a small portion of this dermal reticulation, magnified 
108 linear. 

In Ilalichondria panicea the same description of reticulation prevails, but in this 
sponge the fibres of the network are always composed of numerous spicula cemented 
together, as represented in fig. 5, Plate XXXII., illustrating the porous system of the 
above-named species of sponge. But this regularity of structure is not constant even in 
the same individual ; thus in Hal. panicea you will often observe one portion of the 
dermis beautifully reticulated, while a closely adjoining spot will be supported by a series 
of matted spicula without any indication of areas for the pores, and these variations in 
structure are evidently determined by the presence or absence of those organs at parti* 
cular parts of the surface. In other cases, beside a general attachment of the inner sur- 
face of the dermal membrane to the surface of the skeleton, we find it supported by 
numerous fiat fasciculi of spicula dispersed irregularly on its inner surface, and differing 
materially in size and form from those of the skeleton, as in our common British spe- 
cies, Halichondria incrustans. Great variety exists in these modes of strengthening and 
supporting the dermal membrane ; but those which I have described above will suffice 
to illustrate the general principles of their application. Beside tide general systems of 
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external defence, the dermal membrane is often supplied with special defences. Thus 
in Tethea muricata (figs. 14 & 15, Plate XXXI.) we find its outer surface abundantly sup- 
plied with elongo-stellate spicula, which project externally to a considerable extent ; and 
in IHctyocylindrm stiyposus, Bowerbank, MS., beside the numerous defensive spicula 
projected through the surface, we find the membrane filled with minute sphero-stellate 
spicula, which would effectually protect it from the assaults of any minute enemies that 
might attempt to prey upon it. Fig. 6, Plate XXXII. represents a small portion of the 
dermal membrane of this sponge. This mode of defence is very general in the genera 
Oeodia, Tethea u and Pachyinatisma , and it occasionally occurs in many other genera of 
Spongiadee. 

The Pores. 

The pores in the Spongiadae are the orifices or mouths through which the animals 
breathe and imbibe their nutriment. They are situated in the dermal membrane, and 
are exceedingly numerous when the imbibing powers are in full operation. In Pachy- 
matisma and Geodia , and in some other highly organized genera, there is good reason to 
believe that they are permanent organs, opening and closing repeatedly in the same 
situations. But in the greater part of the Ilalichondroid types of sponges they are 
certainly not permanent orifices like the mouths of higher classes of animals, and in 
these sponges, when they are in a state of complete repose, there is not the slightest 
indication of their existence. Their usual form is circular, but they frequently assume 
the shape of an elongated oval, and within a limited range they vary to a considerable 
extent in their dimensions; on the whole they exhibit a very constant and universal 
type of form and size ; however different may be the internal structure of the sponges, or 
however great may be the difference in size of the individuals, they always appear to 
maintain their normal characters. No definite law appears to prevail in their distribu- 
tion over the surface of the sponge, and they are liable to appear to a greater or a less 
extent on every part of its external surface, wherever there are intermarginal cavities 
beneath. The situations where they may be expected to appear may in many instances 
be readily , recognized. Thus in Halichondria panicea, wherever we see on the dermal 
membrane a well-defined reticulation of spicula with clear and distinct areas, there, 
when the sponge is inhaling, we may expect to find the open pores, as represented in 
Plate XXXII., fig. 6, while on spots perhaps immediately adjoining, where the dermal 
membrane is occupied by a thickly interwoven mass, a felting of spicula, the probability 
is that not a single pore can be detected. 

In some of the West India fistulose sponges we find the large or primary area of the 
dermal surface composed of keratose fibre, and within these large areas the dermal 
membrane is strengthened and supported by a secondary reticulation of spicula, in the 
areas of which the pores are opened. In these secondary reticulations the spicula are 
abundant, while in other parts of the sponge the tension spicula are rather of rare 
occurrence. In Grmtia , a sponge of a widely different construction from those of the 
Halichondroid type, they occupy the distal extremities of the large intermarginal cavi- 
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ties of the sponge, and they appear to open over the whole of those portions of the 
cavities not in contact with the adjoining ones. 

In Pachymatisma Johnstonia , a British sponge closely allied to the genus Oeodid , 
we find the dermal membrane perforated by innumerable pores, some as minute as 
ToVo th of an inch in diameter, while others attain the size of -y^yth of an inch. They 
are nearly equidistant from each other, but without any order in their arrangement. 
Immediately beneath the dermal membrane there is a stratum of membranous structure 
and sarcode destitute of gemmules, and about equal in thickness to one-third of that of 
the whole of the dermal crust, the .remaining two-thirds of which consist of a stratum 
of gemmules or ovaries closely packed together, but perforated at intervals by the inter- 
marginal cavities. Through the upper stratum, destitute of ovaries, a small canal passes 
from each pore to the nearest adjacent intermarginal cavity, so that there are a series of 
them at various angles, all concentrating their streams of inhaled fluid at the distal end 
of the cavity, which is gradually expanded in diameter to receive them. In these 
sponges therefore each mouth appears to be furnished with a separate oesophagus, if I 
may be allowed the term, connecting it with a stomach-like cavity common to a 
group of mouths above it — a system of organization strikingly in unison with that of 
the higher classes of animals. In some cases, as in Geodia M'Andrewii and Barretti , 
Bo webbank, MS., we find the pores systematically congregated in groups, as in 
Plate XXXII. fig. 4, which represents four groups from the latter species, and this 
congregation is accounted for by the peculiarities of the form and arrangement of the 
intermarginal cavities of that class of sponges. 

The porous organs are still further complicated in a specimen of a branched sponge 
from the East Indies, presented to me by my friend Mr. S. P. Peatt. This sponge, 
which is a single branch about a foot in length and 9 lines greatest diameter, has 
nearly the whole of its surface abundantly furnished with peculiar and highly orga- 
nized areas, as represented in Plate XXXV. fig. 3, each of which covers and protects 
a deeply depressed porous area, the depth of which in many cases rather exceeds its 
own diameter. The protective organ covering this depression is elaborately and beauti- 
fully constructed, very closely resembling, in many respects, the spiracula of Dytiscus 
marginalia and other similarly constructed insects. Each of the depressed areas of 
the sponge is furnished with ten semifollicular membranous cones, the whole of 
them being based on a common external marginal ring of dermal membrane, from 
which they are projected inward in the same plane as the dermal surface until 
their apices nearly meet in the centre of the inhalant area. The exterior surface of 
each cone is perfect and continuous from the marginal ring of membrane to its apex ; 
but on the interior surface it is only perfect for about half its length from its apex 
backwards, as if half of the basal portion of a conical bag had been cut away from the 
remainder. Fig. 5, Plate XXXV. represents the exterior half of one of these protective 
organs, and fig. 6 the semifollicular structure of their conical organs. The membranes 
of which they are constructed are abundantly furnished with tension spicula, which are 
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dispersed without order on every part of their surface. It is the only instance I have 
seen of such an elaborate mode of protection of the porous areas in the Spongiadse. 

* In my “ Further Report on the Vitality of the Spongiadse,” published in the Reports 
of the British Association for 1857, I have described at length the opening and closing 
of the pores in Spongilla fluviatilis : each operation is commenced and terminated in less 
than a minute ; they are perfectly dependent on the will of the animal ; and in neither 
case are they simultaneous, but follow in irregular succession, in accordance with the 
necessities of the animal ; and when once the pores arc closed, they do not appear to 
ever open again in precisely the same spot. 

In these wonderful opening and closing operations in the dermal membrane of Spon~ 
gilla , every movement is accomplished as systematically and accurately as if there 
were a perfect system of nerves and muscles present, while not a vestige’ of [fibrous 
structure can be detected in the thin translucent membrane and its sarcodous lining. 
No cicatrix remains for an instant after closing, no indication is perceived of the spot 
where the opening is the next moment to be effected. 

In sponges exposed to the action of the atmosphere, between high and low water 
marks, and in dried specimens, the pores can rarely be detected. In the first case 
they are carefully closed on the receding of the tide, that the water within them may be 
safely retained during their exposure to the atmosphere; and in the latter case the 
violence offered to the sponge,., and the shock of its removal from its native locality, are 
sufficient to induce an immediate closing of those organs, as I have shown in the 
details of my observations on these organs in Spongilla in the volume of the Reports 
of the British Association for 1857, to which I have before alluded. But should a 
specimen of marine sponge, after a careful removal from its place of growth, be placed 
in a shallow pan of sea-water, and be allowed to die of inanition, it then frequently 
expires with the whole or a considerable portion of the pores open, and in that state it 
may be readily preserved for the cabinet. 

The Oscula. 

The oscula are the feccal orifices of the sponge. They are situated at the distal termi- 
nations of the single or concentrated excurrcnt canals of the animal. They vary con- 
siderably in form and size ; sometimes they appear as single large orifices, while at others 
they consist of several small orifices grouped together. When the sponges are massive 
and solid, they arc usually to be found dispersed over the dermal surface, but occasionally 
they are grouped on the highest portions or on the elevated ridges of the mass. In 
Oeodia Barretti they are concentrated in deep depressions or pits. In other cases they 
are entirely hidden from view, lining the interior of elaborately constructed cloacce 
situated in the centre of the sponge, as in (xrantia compressa and ciliata , Verongia fistu* 
losa , and a numerous series of species of fistulose sponges from the West Indies. 

They are permanent organs, and are capable of being opened or closed at* the will of 
the animal, and are subject to a considerable amount of variation in size and form, in 
mdccclxii. 5 Q 
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accordance with the variations in die actions of the sponge. Thus in littoral sponges 
they are frequently entirely closed, and their situation even quite indeterminable, during 
the period of their exposure to the air ; but when immersed in water, and the sponge id 
in the energetic action of the imbibition of nutriment, they are expanded to their full 
extent ; but when this action ceases and that of gentle respiration only, exists, many of 
them close entirely, and others exhibit apertures not exceeding half their former diameter 
while the imbibition of nutriment was in vivid action. Their expansion or contraction 
is not rhythmical ; each can be opened or closed at the will of the sponge without any 
apparent effect on the others. Nor is the habit of opening and closing the oscula the 
same in every species. Thus in the course of my observations on Halichondria panicea 
and Ilymeniaddon caruncula in their natural and undisturbed localities, I have frequently 
observed, during their exposure to the air at low tide, that while no oscula in an open 
condition could be found in Ilymeniaddon caruncula, the greater portion of those on the 
specimens of Halichondria panicea were more or less in an open state. 

They appear also to be subject to a considerable amount of modification as regards 
situation, even in the same sponge. Thus in our common British species, Halichondria 
panicea , when of small size, they are situated on the surface of the sponge, and are 
scarcely, if at all, elevated above the dermal surface ; while in large specimens of the 
same species we find them collected in the insides of large elongated tubular projections 
or common cloaca?, and these organs vary from a few lines only in height and diameter 
to tubular projections several inches in height, with an internal diameter of half or three- 
fourths of an inch. When they attain such dimensions their parietes are often of con- 
siderable thickness, and their external surface becomes an inhalant one, like that of the 
body of the sponge. 

In many species the oscula are always elevated above the dermal surface, and these 
thin pellucid elevations are permanent, while in others, as in Spongilla fludatilis, the 
tube exists only during the course of the energetic excurrent action ; and in such cases 
it appears to be subject to great variation in size and form, as I have shown in the 
description of Spongilla in my “ Further Report on the Vitality of the Spongiadae,” 
in the volume of the Reports of the British Association for 1857. 

Inhalation and Exhalation. 

The works of the old writers on Natural History are full of vague opinions on the 
nature of sponges, but none of them seem to have seriously studied their anatomy, or to 
have kept them alive in sea-water and examined their daily habits. They appear to 
have excited abundant attention in the closet, and but very little in their natural 
localities. The ideas of those authors arc so loose and indefinite that it would really 
be a loss of time to seriously examine and attempt to refute them ; and as Dr. Johnston, 
in his ‘ History of British Sponges,’ has given in his Introduction, Chapter 2, an excellent 
digest of the various opinions of the previous writers on the subject, I shall content 
myself with referring my readers to the work of that eminent author for further informa- 
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tion on these subjects, and with briefly referring to the few actual observations that 
appear to have been made by naturalists. 

• Mabsigli, at the beginning of the 18th century, stated that he had seen contraction 
and dilatation in the oscula of several sponges just removed from the sea. 

After Mabsigli, Ellis (Ellis and Solander), Natural History of Zoophytes, pp. 184, 
186, and 187 (see also Zool. Joura. pp. 376, 376), enunciated similar opinions founded 
on his own observations on the action of the oscula and their currents ; but neither of 
those authors was aware of the true mode of the entrance of the water into the sponge, 
a much more difficult problem to solve than its exit through the oscula. 

Cavolini in his researches, although made on sponges recently taken from the sea, 
failed in seeing the action of the oscula as Ellis had done, and he accordingly disputed 
the truth of those opinions. At a later period. Colonel Montagu, although actually 
examining sponges in the places of their growth, arrived at similar conclusions to those 
of Cavolini, and, like that author, he believed them to be animals of a very torpid nature. 
Montagu’s reasoning to prove the animality of sponges is for the most part sound and 
excellent ; he says, “ Whether motion has ever been discovered or not in any species of 
sponge is not, I conceive, of so much importance as some naturalists would appear to 
consider. Those who are solicitous in their inquiries after the animals which they have 
supposed to construct the vesicular fabric of sponges, and have expressed their surprise 
that this in age of cultivated science no one should have discovered them, must have 
taken a very limited view of matter possessing vitality, and have grounded their hypo- 
thesis only upon supposed analogy.” He also observes, “ The true character of Spongia 
is that of a living, gelatinous flesh supported by innumerable cartilaginous or corneous 
fibres or spicula, most commonly ramified or reticulated, and furnished more or less with 
external pores or small mouths which absorb the water, and which is conveyed by an 
infinity of minute channels or capillary tubes through every part of the body, and is 
there decomposed and the oxygen absorbed as its principal nourishment, similar to the 
decomposition of air in the pulmonary organs of what are called perfect animals.” — W er- 
nerian Memoirs, vol. ii. pp. 74, 76. 

liAMOUBOUX’s conclusions regarding the nature of sponges are so thoroughly vague and 
supposititious as scarcely to require notice. 

Lamarck has placed the Spongiadae in a higher position than any naturalist who had 
preceded him, giving them precedence of the sertularian and celliferous Corallines, and 
even of the Corallidee ; but I cannot concur with him to the full extent of his conclu- 
sions, which, like those of most previous writers, were derived to a much greater extent 
from comparative reasoning than from actual observation of the animals in a living and 
natural condition. 

. Professor Schweigger’s opinions are very much more those of a practical naturalist, 
and it is evident that he had closely observed them in a living condition ; but he too 
shares the erroneous opinion of his predecessors, that the oscula were the organs of 
imbibition, and that no water entered through the dermal surface. Professor Bell, in 
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the ‘Zoological Journal’ for June 1824, states that he saw the action of the streams from 
the oscula, but like previous writers concluded that they were organs of imbibition as 
well as excurrent organs. And it was not until the excellent and accurate “ Observation^ 
and Experiments on the Structure and Functions of the Sponge ” were published in the 
Edinburgh Philosophical Journal, vols. xiii. and xiv., by Professor Grant, that a correct 
notion was entertained by naturalists of the inhalant and exhalant powers of those bodies. 
These details by the learned Professor are so full and complete as to leave but little 
room for the improvement of our knowledge of this portion of their natural history. 
And the facts of the imbibition of the surrounding water by the pores in the dermal 
membrane, its circulation through the internal cavities of the sponge, and its final ejection 
through the oscula, have been firmly established and acknowledged by all naturalists 
who have studied these animals closely in a living state. Dr. Grant has, in truth, proved 
himself to have been, in regard to the aqueous circulation in the sponge, what Harvey 
was to that of the blood of the higher classes of animal life, the first to discover and to 
publish the true mode of the circulation of the water in the animal. 

This learned and accurate observer says, “ I first placed a thin layer from the surface 
of the S. papillaris in a watch-glass with sea- water under the microscope, and on looking 
at its pores I perceived the floating particles driven with impetuosity through these 
openings ; they floated with a gentle motion to the margin of the pores, rushed through 
with a greatly increased velocity, often striking on the gelatinous networks, and again 
relented their course when they had passed through the openings. The motions were 
exactly such as we should expect to be produced by cilia disposed round the inside of 
the pores.” — Edinburgh New Philosophical Journal, vol. ii. p. 127. 

The same author, in describing the excurrent action, says, “ The Spongia panicea (Ilali- 
chondria incrustans , Johnston) presents the strongest current which I have yet seen.” Two 
entire round portions of this sponge were placed together in a glass of sea-water with 
their orifices opposite to each other, at the distance of two inches ; they appeared to the 
naked eye like two living batteries, and soon covered each other with feculent matter. 

Stimulated by the recital of the observations of Dr. Grant, I have often sought these 
currents flowing from the oscula, and there is no species which I have had the oppor- 
tunity of examining in a fresh and vigorous condition in which I have not succeeded in 
seeing them. In the one observed by Dr. Grant, Ilalichondria incrustans , Johnston, 
the oscula being few in number and very large, the excurrent streams are more 
than usually powerful. In the course of my investigations “ On the Vitality of the 
Spongiadse,” at Tenby, which are published in the Reports of the British Association for 
1856, and in the “ Further Report ” published in the same work for 1857, I have 
described a long series of observations of the vital actions of the Spongiadse as displayed 
in Hymeniacidon caruncula and Spongilla jhiviatilis , in both of which species there was 
a perfect accordance in the habits and modes of exertion of these vital actions. 

The power of inhalation appears to be exerted in the Spongiadee in perfect accordance 
with the similar vital functions in the higher classes of animals, not involuntarily and 
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Continuously as in the vegetable creation, but at intervals, and modified in the degree of 
its force by the instincts and necessities of the animal. And it may be readily seen that 
fhe faculty of inhalation is exercised in two distinct modes ; one exceedingly vigorous, 
but of comparatively short duration, the other very gentle and persistent. In the exertion 
of the first mode of inhalation, that is during the feeding period, a vast number of pores 
are opened, and if the water be charged with a small portion of finely triturated indigo 
or carmine, the molecules of pigment are seen at some distance from the dermal mem- 
brane, at first slowly approaching it and gradually increasing their pace, until at last 
they seem to rush hastily into the open pores in every direction. In the meanwhile the 
oscula are widely open, and pouring out with considerable force each its stream of the 
excurrent fluid ; and if the reflexion of one of the horizontal portions df a window-frame 
be brought immediately over an excurrent stream, it will frequently be seen that the 
surface of the water is considerably elevated by its action, even although the osculum be 
half or three-fourths of an inch beneath its surface, and this vigorous action will some- 
times be continued for several hours, and then either gently subside or abruptly termi- 
nate. Occasionally a cessation of the action may be observed in some of the oscula 
while in others it is proceeding in its full vigour, and sometimes it will be suddenly 
renewed for a brief period in those in which it had apparently ceased. These vacillations 
in the performance of its functions are always indicative of an approaching cessation of 
its vigorous action. When the vivid expulsion of the water has ceased, the aspect of the 
oscula undergoes a considerable change; some of the smaller ones gradually close 
entirely, while in the larger ones their diameter is reduced to half or one-third of what 
it was while in full action. Simultaneously with the decline in the force of the excur. 
rent action the greater portion of the pores arc closed, a few only, dispersed over the 
surface of the sponge, remaining open to enable the gentle inhalation of the fluid to be 
continued, which is necessary for the aeration of the breathing surfaces of the sponge. 
The breathing state of inhalation appears to be very persistent, and I have rarely failed 
in detecting it when I have let a drop of water charged with molecules of indigo quietly 
sink through the clear fluid immediately above an open osculum. These alternations of 
repose and action are not dependent on mere mechanical causes, and sponges in a state 
of quiescence may be readily stimulated to vigorous action by placing them in fresh cool 
sea-water, and especially if it be poured somewhat roughly into the pan and agitated 
briskly for a short period ; and this will take place even in specimens that have very 
recently been in powerful action. 

No general law seems to guide the animal in the choice of its periods of action and 
repose, and no two sponges appear to coincide entirely in the time or mode of their 
actions. In fact, each appears to follow the promptings of its own instinct in the choice 
of its periods of feeding and repose. 

In the littoral sponges there is a third condition of the animal, and that is during 
its exposure to the atmosphere in the intervals between high and low water, and in some 
sponges the pores and oscula are both completely closed. But this condition does not 
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obtain in all species. Thus, during the course of my investigations at Tenby, I observed 
that while, amidst the numerous specimens of Hymmiacidon canmcula and Halichondria 
jxmicea that covered the rocks in the neighbourhood of St Catherine's Cave, the former 
rarely exhibited an open osculum in the absence of the water, those of the latter species 
were frequently more or less open. 

The most beautiful and striking view of the differences existing between vigorous 
action and the comparative repose of the breathing process is exhibited in Orantia 
ciliata. In this species the pores are situated on the obtusely conical distal terminations 
of the intermarginal cells or cavities, each of which is furnished with a long fringe of 
spicula surrounding its porous end, their proximal terminations being cemented, for 
about a third of their length, to the slightly curved surface of the base of the cone. In 
the state of the comparative repose of aerating inhalation, and when the base of the 
conical extremity of the cavity is not distended by the incurrent action, these spicula all 
converge to a point at the level of their own apices, and the water thus gently inhaled 
passes between the shafts of the spicula, forming the protective cone to the inhalant 
pores, and effectually preventing any extraneous matter from approaching them. But 
when the vigorous feeding action commences, the distention of the base of the conical 
portion of the cavity brings it into lines parallel to the axis of the cell, and thus the 
conical fringe 6f spicula assumes a cylindrical form, and the molecular food of the animal 
is freely admitted to the pores. 

A corresponding action obtains in the exhalant system of this interesting sponge. 
The mouth of the great central cloaca is furnished with a thick fringe of very long and 
slender spicula, which by the contraction of its sides near the mouth are all brought to 
assume a conical form like those appended to the inhalant cavities ; but when the inha- 
lant action is in vigorous operation, and the oscula are all pouring their streams into the 
cloaca, the force of the water thus accumulated distends the mouth of the cloaca to such 
an extent as to cause the fringe of long spicula to assume the form of an open cylinder, 
or in some cases it is expanded to such an extent as to become slightly funnel-shaped, and 
in this condition the faecal stream may be seen issuing from it with considerable force. 
There are many other interesting points in the structure of this highly organized and 
interesting sponge which I will not advert to at length, but refer my reader to a fuller 
and more complete history of its structure published by me in the * Transactions of the 
Microscopical Society of London ’ for 1859, vol. vii. p. 79, plate 6. 

Thus we find that inhalation is the primary vital operation induced by ciliary action, 
and that exhalation is merely a mechanical effect arising from the primary cause. Wc 
find also that these actions are separated into two distinct modes ; the one exceedingly 
active and vigorous, exerted only at intervals and for short periods, and the other gentle 
and continuous. If we combine the consideration of these peculiarities of function with 
those of the anatomical studies, we find that the incurrent streams are always received 
in intermarginal cavities, and that these organs, however modified, are always present, 
And in some cases can be distinctly and strikingly separated from the great mass of the 
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interstitial canals and cavities of the sponge. If we trace the course of the inhaled fluids, 
we find that on their entrance through the pores they are first brought into contact with 
the parietes of the intermarginal cavities, and passed thenoe into the complicated system 
of digestive surfaces which line the incurrent and excurrent canals and cavities of the 
sponge, and that the exhausted fluids charged with feecal matters are finally discharged 
without the slightest return to or intermixture with the contents of the intermarginal 
cavities. We may therefore, it appears to me, safely conclude that the respiratory and 
digestive functions are separated, and that the latter has its seat in the intermarginal 
cavities, and the former in the interstitial canals and cavities. 

The vital energy of the Spongiadse must be very considerable, and the quantity of 
oxygen consumed by their respiration great, if we may judge by the effects of their pre- 
sence in the vivarium, where their introduction makes sad havoc among the other inha- 
bitants, few being able to withstand their deleterious presence, and without a large 
supply of water and a frequent change of it they themselves quickly expire of exhaustion. 

Nutrition. 

In treating on the subjects of inhalation and exhalation, I have described the energetic 
period of action in the sponge during the imbibition of the currounding fluid as equiva- 
lent to the operation of feeding in the higher classes of animals. And in my “ Further 
Report on the Vitality of the Sp.ongiadse,” published in the Reports of the British Asso- 
ciation for 1857, p. 121, I have described the results of feeding a small specimen of 
Spongilla fluviatilis with finely comminuted indigo in water, and I have there stated that 
“ many of the molecules might be readily followed, as they meandered through the 
interior of the sponge, and were seen flowing in every direction. During the mainte- 
nance of this action in full force, when I directed my observation to the osculum, it was 
pouring forth a continuous stream of water, and along with it masses of flocculent 
matter, and many of the larger molecules of the indigo that had entered by the pores ; 
but it is remarkable that although the finer molecules of indigo were being imbibed by 
the pores in very considerable numbers, very few indeed of them were ejected from the 
osculum ; and if the imbibition of the molecules continue for half an hour or an hour* 
and then cease, the sponge is seen to be very strongly tinted with the blue colour of the 
indigo, and it remains so for 12 or 18 hours, after which period it resumes its pellucid 
appearance, the whole of the imbibed molecules having undergone digestion in the 
sarcode lining the interior of the sponge, and the effete matter having been ejected 
through the osculum.” If we kill the sponge immediately after being thus fed, and 
examin e the interstitial canals and cavities, we find their sarcodous surfaces thickly 
dotted with molecules of indigo. 

The feecal matters discharged by the oscula exhibit all the characteristics of having 
undergone a complete digestion ; whatever may have been the condition of molecules of 
organized matter when they entered the sponge, their appearance after their ejection is 
always that of a state of thorough’ exhaustion and collapse. 
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It is difficult to decide with any degree of certainty what is really the nature of the 
nutriment of the Spongiadee, but in the greater number of species it is probably molecules 
of both animal and vegetable bodies, either living or derived from decomposition. This 
appeai-s to be the case with the greater number of the Halichondroid sponges ; but even 
among them, as well as other genera, there are peculiarities of structure that are strongly 
suggestive of carnivorous habits. Thus, in the first portion of this paper published in 
the ‘Philosophical Transactions’ for 1858, p. 293, I have described among the interior 
defensive spicula a remarkable form, which has been hitherto found in one sponge only, 
the spinulo-rccurvo-quatemate spiculum, which “ occurs in great profusion in the cavi- 
ties of the sponge ; clusters of them, consisting frequently of as many as twelve or fifteen, 
radiate from the angles of the reticulations of the skeleton into the interstitial cavities of 
the animal.” I have also described, while treating on the internal defensive spicula, the 
recurvo-temate forms, the heads of which arc found projecting their radii, more or less, 
into the interstitial cavities beneath the intcrmarginal ones in Geodia and Packymatisma. 
The spinulo-recurvo-quaternatc spicula, represented in situ in Plate XXX. fig. 10, and 
the recurvo-temate ones, figured in situ in Plate XXXII. fig. 2, e, e, e, are both admi- 
rably adapted to destroy the victims entangled among them. 

I have for a long time entertained the idea that these elaborate and varied forms of 
defensive spicula probably subserved other purposes than that of the protection of the 
digestive surface against the incursions of minute annelids and other predaceous 
creatures. They are admirably fitted to retain and make prey of any such intruders. 
No small animal could become entangled in the sinuosities of the interstitial cavities of 
sponges thus armed without extreme injury from the numerous points of these spicula, 
and every contortion arising from its struggles to escape from its painful and 
dangerous entanglement would contribute to its destruction, and it may then, by its 
death and decomposition, eventually become as instrumental to the sustentation of the 
sponge as if actually swallowed by the animal. How far this mode of nutrimentation 
may obtain in the physiology of these creatures it is impossible, in the present imperfect 
state of our knowledge of their habits to say ; but, from the complex, varied, and elaborate 
structure of these organs, and from their evident adaptation to retain such intruders, as 
well as to defend the internal surfaces from injury, it is not improbable that their office 
extends beyond that of the mere defensive function, and that they are, in fact, auxiliary 
organs for securing nutriment for the use of the sponge. If this supposition, that the 
elaborately formed and ingeniously disposed recurvo-quatemate spicula combine the 
office of securing prey with that of defending the interstitial organs of the sponge, be 
correct, it may afford a clue to the organic purpose of the recurvo-temate spicula with the 
exceedingly long and attenuated shafts that so frequently accompany the stout patento- 
temate ones in Geodia Barretti. The apices of these spicula (Plato XXIII. fig. 46, 
Phil. Trans, for 1858) rarely attain the height of the plane of the true connecting spicula, 
and their recurved radii are most frequently projected into the large interstitial spaces 
immediately beneath the plane of the proximal ends* of the cells of the intermarginal 
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cavities, and may thus form subsidiary defences to those organs. Although emanating 
from the fasciculi of the shafts of the true connecting spicula, their form, slender proportion 
•and position evidently indicate a different office from the spicula with which they are 
associated, and no other purpose for them.occurs to me so probable as the one I have 
suggested above. Or we may carry the supposition further, and believe them to be not 
only defensive but aggressive organs; also, like the recurvo-quatemate spicula, their 
office may be to retain soft annelids that have intruded themselves through the oscula 
into the digestive organs, to aid in the nutrimentation of the sponge; and this idea 
appears the more admissible as these spicula are never observed in the intermarginal 
cavities, where the decomposition of animal matters would be offensive to their especial 
function, but always in the spaces beneath them, which are the commencements of the 
digestive system. 

The same course of reasoning will apply to their occurrence in such considerable 
quantities amidst the defensive fasciculi of spicula projected from the surface of TetJwa 
simillimus , and also of T. crania, the latter being represented in Plate XXIX. fig. 12 c , 
in which it will be seen that the recurvo-ternate heads of the spicula are always situated 
beneath the level of the true defensive spicula. Thus situated they would form an 
admirable trap for the entanglement of soft annelids that might attempt to crawl over 
the surface of the sponge, and thus they would be destroyed and retained for the imbi- 
bition of their particles liberated by their gradual decomposition. If this be not their 
especial purpose in this situation, I must confess myself at a loss to imagine their proper 
function, as the surface of the sponge is effectually protected by the porrecto-ternate and 
large acute spicula that compose the defensive fasciculi projecting in such abundance 
from all parts of the sponge. If we also consider the structure and positions of the 
ordinary forms of internal defensive spicula, the entirely spined attenuato-acuate ones, in 
reference to the idea of their being offensive as well as defensive organs, we shall not 
fail to see that, although less striking in their forms and modes of disposition than the 
spicula already described, they are calculated to subserve the office of retaining prey 
quite as effectually as the more singular ones. The abundance in which they occur, the 
vast number of spines with which they are covered, the apices of which are frequently 
long and recurved, combined with the mode in which their bases are attached to the 
fibres of the skeleton, exhibiting a beautiful combination of strength and flexibility, are 
strongly indicative of a purpose beyond that of mere repulsion. 

In the two species of sponges in which are found the acuate entirely and verticillately 
spined defensive spicula in situ, represented in Plate XXX. figs. 7 & 8, one of them 
has the spicula collected in groups in a manner very similar to those of the spinulo- 
recurvo-quaternate form, and if the latter be considered as organs for the retention of 
prey, the physiological purpose of the grouping together of the former can scarcely 
be considered in any other light. 

In the isolated positions of these forms of spicula, viewed in reference to some ideas 
regarding their physiological purposes, there are some circumstances of a very remark* 

mdccclxii. 6 R 



804 


DR. J. 8. BOWERBANK ON THE ANATOMY 


able nature. These forms of spicula occur in several distinot genera of sponges, and 
especially in those having a strong kerato-fibrous skeleton. Their usual locality is on 
the fibre of the skeleton, in which their bases are firmly imbedded, and from whifch they 
are projected at various angles into the canals and cavities of the sponge, and they are 
very rarely seen on the membranes. In Ilymeraphia stellifera (Plate . XXX. fig. 8, a) 
and clavata, Bowerbank, MS., both exceedingly thin coating species, they occur in 
great quantity, but only on the basal membrane ; a portion of them being erect, the 
remainder prostrate. But in another sponge, a remarkably curious parasitical species 
of Hymen i addon , which, having no fibrous skeleton of its own, covers and appropriates a 
small fibrous Fucus , and converts its anastomosing vegetable stalks into an artificial 
skeleton, closely coating each stalk of the plant with its membranous structure, so as to 
cause them at first sight to be readily mistaken for keratose sponge fibre, -the whole 
of the membranous structure abounds with attenuato-cylindrical entirely spined defen- 
sive spicula; but they are all prostrate and intermingled with the skeleton spicula 
of the sponge when not in contact with any part of the fibres of the vegetable, but 
wherever they are in contact with the plant they instinctively, as it were, assume the 
erect position, and the false skeleton is bristling with them to as great an extent as if it 
were truly a keratose fibrous structure. This feature in the habit of the sponge is 
very remarkable, and highly suggestive of a capability of adaptation to circumstances 
that we should scarcely have expected to find. By the two instinctive habits, first, that 
of converting the plant into an artificial skeleton, and then erecting its spinous spicula 
on its fibres, it at once simulates the habits of a kerato-fibrous sponge, and becomes 
capable of the carnivorous h bits that I have attributed to those sponges that are so 
strikingly adapted for preying on intruding annelids or other such small creatures. 
In the species above described, Hymeniacidon Cliftoni , Bowerbank, MS., Plate XXX. 
fig. 9, the erection of the spicula on the adopted skeleton is an established habit, and it 
may be said to be instinctive in the species, but I have observed the same fact in sponges 
not habitually parasitical. I have a specimen of Microciona carnosa , Bowerbank, MS., 
a British species, in my possession in which some small fibres of a tubular zoophyte 
have been accidentally included during its growth, which the sponge has coated with its 
own tissues, and from these adopted columns defensive spicula are projected in a similar 
manner to those of the columnar skeleton of the sponge. In this case we have an 
instinctive adaptation of an extraneous substance in a sponge in which the introduction 
of foreign substances is the exception, and not, as in other tribes of sponges, the rule. 

In Hyalonema mirabilis , Gray, a sponge nearly related to the genus Alcyoncellwm , we 
find another extraordinary series of internal defensive spicula, the structure of which I 
have described at length under the head of ‘ Defensive Organs.' These elaborately and 
wonderfully formed weapons are evidently destined for other purposes than that of 
simple repulsion. The spiculated cruciform spicula, with their short stout basal radii 
planted firmly on the lines of the skeleton, and projecting from their centre at right 
angles to their own plane, the long spiculated ray furnished with numerous strong sharp 
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recurved spines, it will be at once seen, are eminently fitted to retain annelids or other 
such prey, and to cause every motion of the struggling victim to contribute to its own 
laceration and destruction, while the structure and mode of attachment of the cruciform 
base is admirably calculated to resist the force and motions it has to sustain in such en- 
counters. But these spicula, although exceedingly numerous, are not the only organs 
capable of retaining intruders into the body of the sponge with which it is furnished : 
there are, in addition, numerous large multihamate birotulate spicula dispersed in various 
positions on the sides of the interstitial cavities of the sponge, each of the rotulae con- 
sisting of seven or eight stout recurved flattened radii, which if immersed in any struggling 
animal would be capable of sustaining a vastly greater amount of force than many of 
the spiculated quadriradiate ones combined could endure without injury ; and that their 
especial office is that of auxiliary retentive organs is well demonstrated by the fact that 
the trenchant edges of the flattened radii arc all at right angles to the line of force 
required to tear away their hold of any body in which they may have been inserted. Thus 
they appear destined by nature to secure the prey, while its own struggles among the 
lacerating organs contribute to its destruction (Plate XXXI. figs. 3, 4, 6, 6 & 7). 

In the modification of the structure of the contort bihamate spicula, and their peculiar 
adaptation to the retention and destruction of intruders within the sponge, which I have 
described when treating on the internal defensive spicula, and which is represented in 
Plate XXXI. figs. 1 & 2, we have precisely the same physiological principle carried out, 
but by means widely different from those I have previously described. 

If we consider the whole of these extraordinary organs to which I have referred in 
relation to each other, we cannot fail to see that, however varied their forms may be, 
there is every appearance of perfect harmony of design in the purposes they are destined 
to effect in the economy of the Spongiadse. 

The Cilia and Ciliary Action . 

Our knowledge of the cilia of the Spongiadse is, comparatively speaking, very small. 
Dr. Grant is, I believe, the first author who has seen and described these organs in situ. 
This learned and accurate observer, in his paper “Observations on the Structure and 
Functions of the Sponge,” has described the origin and gradual development of the ova 
or gemmules of Spongia pavdeea (Ilalichondria incrustans , Johnston). After the libera- 
tion of these bodies from the sponge, he writes, “ The most remarkable appearance exhi- 
bited by these ova is their continuing to swim about, by their own spontaneous motions, 
for two or three days after their detachment from the parent, when they are placed 
separately in vessels of sea- water, at perfect rest. During their progressive motions they 
always carry their rounded broad extremity forward, and when we examine them under 
a powerful microscope we perceive that these motions axe produced by the rapid vibra- 
tion of cilia, which completely cover over the anterior two-thirds of their surface.” And 
he further states that they are “ longest and exhibit the most distinct motions on the 
anterior part,” and that they “ are very minute transparent filaments, broadest at their 
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base, and tapering to invisible points at their free extremities; they have no perceptible 
order of succession in their motions, nor are they synchronous, but strike the water by 
constantly and rapidly extending and inflecting themselves.” The author describes the‘ 
attachment and spreading out into a thin disk of the ovum or gemmule, and the cessa- 
tion of action and gradual disappearance of the cilia ; and he further observes, “ although 
all visible cilia haye ceased to move, we still perceive a clear space round the ovum, and 
a halo of accumulated sediment at a little distance from the margin.” This observation 
is important, as tending to prove the existence of ciliary action, although the organs 
themselves were too minute to be detected. 

Dujardin, in his work on the Infusoria, in plate 3, fig. 19 £, represents what are 
apparently the detached cilia and their basal cells, and which were probably from 
Graiitia compressa. 

If portions of a living sponge of this species be tom into small pieces, and placed in 
a cell in sea-water under a power of about i 00 linear, groups of the detached cilia and 
their basal cells will be readily seen at the margins of the specimen ; they are usually 
thus clustered together, and have a tremulous and indistinct motion. If a small speci- 
men of the sponge be slit open and placed in a cell with fresh sea-water, with the inner 
surface of the sponge towards the eye so as to command a distinct view of the oscula, 
the cilia will be seen in the area of that organ in rapid motion, and the extraneous mole- 
cules attached to them exhibit the extent and nature of their oscillations very distinctly 
(Plate XXXIII. fig. 2). If the sponge be carefully tom asunder in a line at right 
angles to its long axis, and the tom surface be placed in a cell with a little fresh sea- 
water, we occasionally obtain a favourable longitudinal section of some of the large 
cells of the sponge, and we then see the cilia in situ and in motion (Plate XXXIII. 
fig. 1). 

The whole length of the cell, from the inner edge of the diaphragm to its origin near 
the outer surface of the sponge, is covered with tessellated nucleated cells, which have 
each a long attenuated and very slender cilium at its outer end. They are oval in form, 
and have a distinct nucleus. When in vigorous condition their motions are rapid and can- 
not readily be followed ; but in some in which the action was languid, the upper portion* 
of the cilium was thrown gently backward towards the surface of the sponge, and then 
lashed briskly forward towards the osculum, and this action was steadily and regularly 
repeated. Their motions are not synchronous-each evidently acts independently of the 
others (Plate XXXIII. fig. 3 , a & 6 ). 

The numbers, situation, and peculiarities of their actions folly account for the con- 
tinuous and powerful stream that issues from the great cloacal aperture of this and other 
similarly constructed sponges. The natural rate of the motions of these organs must 
not be estimated from the sections last described, but the estimate must be made from 
the appearances manifested at the oscular orifices at the inner surface of the sponge. 
A more detailed account of these investigations is published in the Transactions of foe 
Microscopical Society of London, vol. iii. p. 137. Figs. 1, 2, 3, & 4, plate 7, represent' 
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a longitudinal section of the intermarginal cavities of Grantia compressa with the cilia 
in situ. A view of the small portion of the inner surface of the sponge, exhibiting the 
oscular orifices and the appearance of the cilia in motion within them, and detached 
cilia and cells from the same sponge, are also represented by figs. 1, 2, 8 & 4, Plate 
XXXIII. 

In the course of my endeavours to detect the cilia in Halichondroid sponges, I have 
frequently observed, in slices of the sponge taken from the surface, that the incurrent 
action has continued for a considerable period, while in sections of the same sponge 
taken from deep amid the tissues no such action of the currents could be detected. In 
sections from the surface in which the inhaling process was in vigorous condition, when 
the inside of the section was examined, that peculiar flickering appearance was often 
visible in the cavities immediately beneath the dermal membrane which is so characteristic 
of minute cilia in very rapid motion ; and although many molecules were rushing inward 
with considerable velocity, others might be seen which continually ^waved from sicjp to 
side but made no progress forward ; in fact they presented precisely the appearance that 
I have described as taking place in the oscula of the proximal ends of the great inter- 
marginal cells of Grantia compressa ; and I have no doubt, in my own mind, that those 
of the Halichondroid sponges were also extraneous particles of matter adhering to the * 
apices of the minute cilia, rendering their motions apparent, while the cilia themselves 
were perfectly invisible. 

Carter, in his paper on “Zoosperms in Spongilla ,” published in the ‘Annals and 
Mag. Nat. Hist.’ vol. xiv. Second Series, p. 334, describes ciliated bodies from a Spongilla 
from the water-tanks of Bombay, somewhat similar to those of Grantia compressa , but 
the basal cell appears to be proportionally larger and the cilium shorter than in those 
of G. compressa. The author, in describing the detached cells and cilia, says, “ At first 
the polymorphism of the cell and movements of the tail are so rapid, that, literally, 
neither ‘ head nor tail ’ can be made out of the little mass. Presently, however, its 
power of progression and motion begins to fail, and if separated from other fragments it 
soon becomes stationary, and after a little polymorphism assumes its natural passive 
form, which is that of a spherical cell. During this time the motions of the tail become 
more and more languid, and at length cease altogether.” The author continues, “ If, 
on the other hand, there be very large fragments in the immediate neighbourhood, or 
an active sponge-cell under polymorphism sweeps over the field, it may attach itself to 
one or the other of the&e, when its cell becomes undistinguishable from the common 
mass, and the tail floating and undulating outwards is all that remains visible.” This 
observation is important, as it accounts in a great measure for our inability to find the 
cilia in situ in the living and active condition of the Spongilla ; and if the structure and 
imbedment of the basal cell in the marine sponges be like those in that genus, the same 
results would probably arise in the marine species, rendering it extremely difficult, if 
not impossible, to detect these organs in situ and in action. 

Lieberkuhn, in his paper in Miller's ‘ Archiv,’ 1856 , pp. 1 - 19 , 319 - 414 , gives an 
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account of the cilia and their cells in situ. He describes them as forming a single layer 
of spherical cells, millim. in diameter, and which, though touching each other, are 
not in such contact as to lose their rounded figure. Lieberkuhn’s description of thd 
mode of disposition of these cells in Spongilla would serve equally well for those in 
Grantia compressa. Professor ifuxLEY, in a paper “ On the Anatomy of the Genus 
Tethya” published in the ‘Annals and Mag. Nat. Hist.’ vol. vii. p. 370, describes cells 
and cilia from an Australian sponge, which he designates spermatozoa, and which he 
describes as having “ long, pointed, somewhat triangular heads, about yg<yth of an inch 
in diameter, with truncated bases, from which a very long filiform tail proceeds.” These 
bodies are figured in vol. vii. plate 14. fig. 9. 

On a careful consideration of the descriptions of the ciliated cells seen by the authors 
I have quoted above, it strikes me forcibly that the so-called zoosperms and spermatozoa 
of Carter and Huxley are identical in origin and purpose with the similar organs 
described by Lieberkuhn and those found in situ and in action in Grantia compressa , 
and, in truth, that they are the homologues of the breathing and feeding organs of 
the zoophytes and more highly organized animals. 

Reproduction. 

The ovaria in sponges exhibit considerable variety in shape and structure. The most 
familiar form is that of Spongilla jlumatilis , represented in Plate XXXIII. fig. 5, in its 
natural condition. 

These bodies have hitherto been usually designated as gemmules, but this term 
appears to be inappropriate. Each of them contains numerous minute vesicular, 
round or oval molecules, which are discharged from the foramen in succession, and each 
of these appears to be capable of producing a sponge. The terms ovarium and ova are 
therefore more in accordance with the rules of modern nomenclature, and this altera- 
tion in their designation is the more necessary, as I shall hereafter be enabled to show 
that, at least in Tethea lyncurium , propagation by true external gemmation really 
exists. I propose, therefore, for the future that all such large vesicular organs con- 
taining numerous molecules or ova capable of reproducing the species, and of beingf 
successively ejected from the sponge, should be designated ovaria and ova, and that the 
term gemmule should be restricted to the isolated bodies which pullulate from the 
internal or external surfaces of the parent, and by ultimate separation become each a 
distinct individual. 

The reproductive powers of the Spongiadae have been treated of to a considerable 
extent by preceding authors, and the amount of our information on this subject is, I 
believe, both extensive and accurate. I will not attempt a recapitulation of all that has 
been written on their reproduction, but content myself with a slight sketch of dhr know- 
ledge of the various modes of propagation that have been well ascertained and described. 
From the researches of the various authors who have written on the structure and deve- 
lopment of Spongilla and on the marine Spongiadse, it appears that there are three well- 
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established modes of propagation : 1st, by ova ; 2nd, by gemmation ; and 3rd, by spon- 
taneous division of the sarcode. The terms ova and gemmule have been used so indis- 
triminately by authors, that it seems to me advisable to endeavour to define and limit 
their application in such a manner as to distinctly separate the one form of reproductive 
body from the other. 

On a careful review of the results of the labours of previous .observers and of my own 
researches, it appears that the following may be considered as the varieties that exist in 
the modes of the propagation of the Spongiadae : — 

1st. By ova without an ovarium. 

2nd. By ova generated within ovaria. 

3rd. By gemmules secreted within the sponge. 

4th. By gemmules produced externally. 

6th. By spontaneous division of the sarcode. 

On the first mode of propagation, by the means of ova generated in the sponge without 
the presence of ovaria, very little seems to be known ; and this mode appears to be confined 
to the true sponges, the genus Spongia. If we examine microscopically the fibres of the 
sponges of commerce in the condition in which they come into the hands of the dealers, 
and before they have been soaked, cleaned, and prepared for sale, we frequently find the 
fibres covered with innumerably minute irregularly ovoid vesicular bodies, nearly uniform 
in size, dispersed evenly over the surface of the fibres, and imbedded in a thin stratum 
of sarcode that coats the membranous sheath that surrounds them. These bodies 
Dr. Johnston believes to be “the matured gemmules or sporules,” and I feel strongly 
inclined to agree with him in the conclusion that they are the reproductive bodies of 
that tribe of sponges, and no other reproductive bodies have, I believe, been discovered 
in the true sponges ; but in arriving at this conclusion we must not fail to remember 
that our knowledge of these animals in the fleshy and solid condition in which they are 
when alive is so limited, and so few observations have been published regarding them in 
that state, that we must not attach too great a value to these conclusions. 

In size and form these ovoid vesicles are very similar to the ova liberated from the 
well-characterized ovaria of other marine species of Spongiadae, and, like them, they 
present no appearance of a nucleus. They are somewhat irregular in their form, and 
vary to a slight extent in size ; an average-sized one measured n^ g ^ th of an inch in 
diameter. Fig. 6, Plate XXXIII. represents a portion of a fibre front a Bahama sponge 
under a power of 400 linear, and fig. 7 a part of the same fibre x 1250 linear. 

Until very recently, our knowledge of the vesicular ovaria of the Spongilladee has 
been confined to two European species; but Carter, in his excellent account of J;he 
Spongillas found in the water-tanks of Bombay, has described several new and interest- 
ing varieties of these organs ; and I have also become acquainted with eight new species 
from the Biver Amazon, through the kindness of Mr. Bate, and of three undescribed 
species from North America, through the kind and liberal assistance of Dr. Aba Gray, 
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Professor Leidey, and Professor Dawson, of M c Gill College, Montreal, Canada. The 
greater portion of these organs resemble each other very closely in their natural condi- 
tion, presenting generally the appearance of a more or less spherical coriaceous body*; 
but the structure of their walls, when developed by treating them carefully with hot 
nitric acid, is so varied and strikingly characteristic of their organic and specific differ- 
ences, as to render it necessary that I should enter somewhat minutely into their history. 
Their structual peculiarities naturally divide them into two great groups. 

1st, those in which the walls of the ovaria are strengthened and supported by 
birotulate or unirotulate spicula radiating in lines from the centre to the circumference 
of the ovarium ; and 2nd, those having the walls of the ovaria supported by elongate 
forms of spicula, disposed on or near its surface at right angles to lines radiating from 
the centre to the circumference of the ovarium ; and, fortunately, the types of these two 
forms of spicular arrangement on the cortex of the ovarium are admirably illustrated in 
the two European species of Spongilla, the first mode existing in Spongilla Jluviatilis, and 
the second one in S. lacustns. After having described the ovaria of these two species 
as types of their respective groups, I shall, in my future descriptions "of these organs, 
confine my observations rather to their anatomical structure than to their external 
characters, excepting when the latter are of an unusual description. These bodies occur 
in great profusion in the basal portions of S. fluviatilis ; they are spherical and of an 
average diameter of ^gth of an inch, and they are furnished with a circular foramen at 
their distal extremity of about of an inch in diameter. In their natural condition 

they exhibit very slight indications of the birotulate spicula imbedded in their coriaceous- 
looking envelope. In the dried state they become cup-shaped by the contraction of the 
upper half inward during the process of desiccation, and in this condition the foramen 
appears at the bottom of the cup. The edges of the cup being thick and round in con- 
sequence of the presence of the birotulate spicula beneath the fold of the membrane, 
the surface becomes pitted with numerous minute lacunae, which are produced by the 
adhesion of the inner surface of the envelope to the distal extremities of the birotulate 
spicula. Immersion in water for an hour restores them to their spherical form, but 
does not obliterate the lacunae produced by desiccation ; and I have several times observed 
that, under these circumstances, the expansion of the ova within has forced one or more 
of them through the foramen. 

If we take several of the ovaria, either in the living condition or in the expanded 
state I have described above, and place them in a test-tube with a little nitric acid, and 
raise the temperature of the whole until the ovaria become of a bright yellow colour 
and semitransparent, and then arrest the operation of the acid by immediately pouring 
in a quantity of cold water, we shall have preserved their form and have retained the 
spicula in their natural positions, and have rendered the whole so transparent, as to 
exhibit their form and arrangement in the walls of the ovarium, either in water or 
mounted in Canada balsam, in a very beautiful and satisfactory manner. They are 
packed very closely together, their shafts being in lines radiating from the centre of the 
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ovarium to the circumference ; their distal rotulse supporting the outer surface of its wall, 
while the proximal rotulae sustain the inner one. Fig. 8, Plate XXXIII. represents 
A portion of one of these prepared ovaria, and fig. 8 a one of the detached spicula. Two 
views of this form of spiculum are also represented in Plate XXVI. figs. 27 & 28, Phil. 
Trans. 1858, and a perfect ovarium prepared by acid by fig. 9, Plate XXXIII. 

Carter, in his paper “On the Freshwater Sponges in the Island of Bombay,” in 
describing the birotulate spicula of the ovaria of Spongilla Meyeni and • plumosa, species 
with ovaries of very similar structure to those of S. fiumatilis , states that the spaces 
between the rotulse are “filled up with a white siliceous amorphous matter, which 
keeps them in position.” I am indebted to the kindness and liberality of the author 
for specimens of these species, and I have frequently subjected their ovaries to the 
action of hot nitric acid, but I have never succeeded in finding any intervening siliceous 
matter, nor have I ever found any such siliceous cementing material in any other simi- 
larly constructed ovary of a Spongilla. 

In the second group of ovaries of the Spongilladaj, represented by those of S. lacus- 
tris , in which the walls of the ovarium are supported by elongate forms of spicula disposed 
at right angles to lines radiating from its centre, the ovaria, in their natural condition, 
exhibit but very slight traces of the spicula imbedded in their walls. When dried, they 
cup inward like those of S. lacustns ; but the margin of the cup is thin and sharp com- 
pared with that formed in a sipiilar manner by those of S. Jluviatilis, and they expand 
also in like manner when immersed in water. When treated with hot nitric acid they 
display an abundance of short, sto*ut, entirely spined, subarcuate acerate spicula, one of 
which is represented in Plate XXVI. fig. 13, Phil. Trans. 1858. These spicula are in 
many instances exceedingly numerous ; they are disposed without order, and overlie each 
other at various angles, forming, in their imbedment in the envelope, a strong and veiy 
efficient irregular network of spicula. A portion of one of these prepared ovaria is repre- 
sented in Plate XXXIII. fig. 10. 

In the ovaries of the different species of Spongilla , to be arranged hereafter in accord- 
ance with their structural peculiarities, there is a considerable amount of general resem- 
blance, but accompanied with such permanent variations in the structure of the spicula, 
and in other portions of the development of these organs, as to render a somewhat 
detailed description of them necessary. Thus, in the development of the birotulate 
spicula, the ovaries of Spongilla plumosa , Carter, exceed any other known species. 
The thick walls of these organs are filled with them in the state represented by fig. 21, 
Plate XXVI. Phil. Trans. 1858, and the intervals between their shafts appear to be 
filled with indurated sarcodc or keratode. In Spongilla Meyeni , Carter, the walls of 
the ovaria are strikingly similar in their structure to those of S. jluviatilis, and the form 
of the spicula the same, with the exception of the shafts being very much more spinous, 
and the size of the spiculum twice that of S. Jluviatilis. Fig. 29, Plate XXVI. Phil. 
Trans. 1868, represents a spiculum from an ovary of S. Meyeni. The smallest and 
most simple development of birotulate spicula exists in Spongilla gregaria , Bowerbank, 
mdccclxii. * 5 s 
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MS., from the River Amazon, represented by figs. 23, 24, 26 & 26, Plate XXVI. PhiL 
Trans. 1858. 

A gradual transition from the birotulate form to that of the unirotulate one takeb 
place in the ovaries of 8. paulula (fig. 31) and 8. reticulata (fig. 33), until we obtain the 
perfect and beautiful unirotulate form in the ovaries of S. recurvata, represented by 
figs. 34 & 35 in the Plate quoted above. In all these species there is a general accord- 
ance in the mode of their structure. 4 

The gradual transition from the birotulate to the unirotulate form of spiculum in the 
ovaries of Spongilla reticulata is not the only characteristic difference that exists between 
it and its congener. The form and structure of the ovarium also exhibit marked pecu- 
liarities of character, and it is also furnished with a beautiful reticulated spicular enve- 
lope or case. In its natural condition the ovary fills the reticulated case, and the 
coriaceous external surface is pressed into the areas of the network. 

It is usually oviform, but it varies to seme extent in its shape. When treated care- 
fully with hot nitric acid, the outer coriaceous substance of the ovarium is dissolved, 
leaving the inner membrane and the boletiform spicula in situ ; their larger termina- 
tions being applied to the distal surface of the membrane, while their smaller clavate 
or stellate ends are projected outward, reaching, in the natural condition, to very near 
the external surface of the ovarium. The foramen is situated at the small or distal 
end of the ovary, and differs from that of any other form of the organ with which I 
am acquainted, inasmuch as it exhibits a tubular elongation outward of the lining 
membrane equal in length to about its own diameter, causing the ovarium, when 
prepared with nitric acid, to .appear like an oil-flask with a very short neck. Fig. 13, 
Plate XXXIII. represents one of the ovaria prepared with acid, and fig. 12 one of the 
cases in which they are contained. 

In Spongilla Brownii , Bowerbank, MS., there is a still further deviation in the 
structure of the spicula of the ovary. The shaft entirely disappears, and the spiculum 
is reduced to the umbonato-scutulate form. They are situated on the outer surface of 
the inner membrane of the ovarium, with the umbones of the scutellse outwards. This 
mode of disposition obviously renders them inefficient for external defence, and the 
ovaries have therefore been further defended by being enclosed within an elaborately 
constructed case of reticulated acerate spicula. The gemmule is closely embraced by 
this envelope, and small elongate masses of its outer surface are projected through some 
of its interstices, causing it to be more or less tuberculous ; and, from the smallness of 
the interstices, the tubercles of the envelope of the ovary are much greater in length 
than in thickness. The spicula of the case are disposed in a close and irregular net- 
work, seldom exceeding two spicula in thickness. By a careful treatment with hot 
nitric acid, the thick Coriaceous outer portion of the ovarium may be removed, and its 
thin lining membrane, with its stratum of umbonato-scutulate spicula, becomes an exceed* 
ingly beautiful object. The same mode of operation displays the structure of the reti- 
culated case of the ovary very much more distinctly than when viewed in its natural 
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condition, fig. 11, Plate XXXIII. represents two of the cases after treatment with, 
acid, one of them (A) having the ovary very much reduced in size by the dissolution of 
the thick coriaceous portion of its structure. 

In the second group of the ovaries of the Spongilladee there is also a strong general 
resemblance in structure to the type-form of S. lacustris, but each species is distinctly 
characterized by peculiarities of form and arrangement of the spicula. 

The normal form is spherical, and the walls of the ovaries, in six out of the seven 
species with which I am acquainted, are comparatively thin. In the seventh species, 
S. Carteri , Bowerbank (S. fridbilis , Carter), they are very thick and abundantly fur- 
nished with cellular structure, arranged in lines radiating from the centre to the circum- 
ference ; each line consists of nine or ten cells, the length of each being about equal to * 
the diameter. They are very closely packed together, and are irregularly angular by 
compression. Their combined length varies from about one-fifth to one-sixth the length 
of the diameter of the ovarium. This is the only species in which I have detected this 
description of cellular structure. Fig. 16, Plate XXVIII. represents a portion of the 
surface and a view of the cells in situ . 

Although the spiculated coriaceous form of ovarium prevails so constantly among the 
freshwater sponges, it is one of extremely rare occurrence among the marine species ; 
and I have met with only one instance of its occurrence, and that is in a new genus of 
sponges from Shetland, for which I am indebted to my indefatigable friend Mr. Barbee. 
The specimen incrusts a portion of the valve of a Pecten , covering a space about half 
an inch in length and the eighth of an inch in breadth, and it does not exceed half a 
line in thickness. The ovaries are numerous and closely packed together, and are 
distinctly visible to the unassisted eye, looking like very minute cocoons of some terres- 
trial insect. There were nearly thirty in an area equal to about a quarter of an inch. 
They are attached by the sides to one or more branches of the fibrous portion of the 
skeleton. 

The wall of the ovary is very thin, and] appears to consist of a single membrane pro- 
fusely furnished with acerate spicula, like those of the skeleton. They cross each other 
in every possible direction, and occasionally appear to assume a somewhat fasciculated 
arrangement. The ovaries are not uniform in shape, some being regularly oval, while 
others are more or less ovoid. I could not detect any trace of a foramen in those I sub- 
jected to examination. I have designated this interesting species Diplodemia vesicula 
in my MS. description of it. Fig. 1, Plate XXXIV. represents two of the ovaries in 
their natural condition after immersion in Canada balsam, magnified 83 linear. 

In the genera Qeodia and Pachymatisma ovaria are produced in great abundance. 
They agree in form very closely with those of Spongilla, but their structure is widely 
different, and the soft animal matter that enters so largely into* the structure of those 
of the freshwater sponges scarcely makes its appearance in the ovaries of Qeodia , their 
walls being composed of closely packed spicula, firmly cemented together by alex. 
Their situation in the animal is also different from those of Spongilla^ in which they are 
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dispersed amid the interstitial tissues, but principally towards the base of the sponge, 
while in Oeodia and Pachymatisma they are congregated in large quantities immediately 
beneath the dermal membrane ; and when they have shed their ova they permanently 
retain their situation, forming a thick crustular dermis for the protection of the softer 
portions beneath : a few only are found dispersed in the interstitial membranes of the 
sponge. The progressive development of this kind of ovarium is very nearly the same 
in every species of Oeodia or Pachymatisma in which I have had an opportunity of 
examining them. In an early stage they appear as a globular body of fusiformi-acerate 
spicula, radiating regularly from a central point in the mass. As the individual spicula 
increase in diameter there is a corresponding distention of the ovarium, and as the spicula 
" do not lengthen in proportion to their increase of diameter a central cavity is produced, 
in which the incipient ova very shortly appear. The spicula of the wall of the ovary 
continue to increase considerably in diameter, but very little in length, and their distal 
terminations become gradually less acute ns they approach the period of the full deve- 
lopment of the ovary. When this organ has attained its greatest diameter, their distal 
extremities cease to lengthen, and a gradual change in the form of the spicula is effected, 
their apices extending in diameter and assuming a truncated form, and the whole of 
them becoming firmly cemented together, so as to form a common flat smooth surface 
to the siliceous skeleton of the ovarium, each spiculum having now changed from the 
acerate to the acuate form, their proximal acute terminations forming the common 
inner surface of the cavity of the ovarium, which is now filled with an opake mass of 
ova. A single conical orifice or foramen has also been produced in a portion of the wall, 
through which the ova arc destined to be ejected. The proximal end of this foramen is 
very much the smaller of the two, so that, as soon as an ovum has fairly entered this 
conical tube, there is no longer any impediment to its ejection ; and the manner in which 
this is effected is very interesting, and appears to be as follows. When the ova have 
attained maturity, the proximal terminations of the spicula which have not been cemented 
together like their distal ones, are progressively and simultaneously lengthened, thereby 
encroaching on and gradually lessening the diameter of the cavity within, so that the 
ova are compressed and forced through the foramen ; and this process appears to be con- 
tinued until the whole of them have been ejected, and the cavity becomes completely 
filled by the continued encroachment of the proximal ends of the spicula of the walls 
of the ovarium. 

In fig. 6, Plate XXXIV., two ovaries from Oeodia M'Andrewii containing ova are repre- 
sented: (a) contains about the greatest quantity of ova that is found within these organs. 
In this one the distal terminations of the spicula of the skeleton are still somewhat 
rounded, and slightly elevated above the common surface ; while in (d), which has been 
partially exhausted of the ova, the spicula have their distal terminations flat and some- 
what angular, and they are level with the general surface, thus indicating a greater age 
and a fuller development than obtain in the one represented by (a), and not a less 
amount of secretion of ova, as might possibly be imagined. These circumstances are 
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strongly indicative of the fact that the ovaria, both in an active and an effete state, are 
permanently seated in the sponge, and that the ova only are discharged from it So in 
like manner the existence of the ovarium in Spongilla reticulata and Brownii , confined 
within a strong spicula case firmly incorporated with the skeleton, is strong presumptive 
evidence of their also being permanent organs, and not of the nature of gemmules 
which separate from the body of the sponge when they arrive at maturity and are ejected 
through the great faecal orifice. 

Many other species of Geodia with which I am acquainted afford these ovaria in 
great abundance, and with some variations in size and form from those in G. M'Andrewii , 
but in no other sponge are they so large and so completely developed. 

Fig. 2, Plate XXXIY. represents an adult ovarium from Geodia M e Andrewii with 
the conical foramen on its summit, and the distal ends of the skeleton spicula flat 
and angular. Fig. 3 represents a small portion of the surface of the same specimen 
as seen with a linear power of 308, exhibiting the flatness and angularity of their distal 
apices. Fig. 4 represents a portion of a young ovarium having the distal ends of the 
skeleton spicula disunited and acutely conical. Fig. 5 represents a portion of a section 
of an ovarium of G. M c Andrewii , exhibiting the radial arrangement of its component 
spicula. 

In Pachymatisma Johnstonia , Bowerbank, a British species common on the rocks in 
the neighbourhood of Torquay, -and which I described in a paper read before the Micro- 
scopical Society of London in 1841, these organs assume an oval form ; they are also con- 
siderably depressed. In a young specimen of this species of sponge in my possession, the 
progressive development of the ovaria is very strikingly illustrated. Fig. 7, Plate XXXIY. 
represents an adult ovarium. Fig. 8, one in a semideveloped state, and fig. 9, one of 
the same organs in a very early stage of development. In another species of sponge 
from the South Seas we find a singular variety of this class of ovarium. It is oval in 
form, the length being to the breadth as five to three, but it is so much depressed as to 
appear rather like a dermal spicula plate than an ovarium ; but the radiate arrange- 
ment of its component spicula is perfectly visible with a power of 666 linear, and their 
distal terminations as separate and distinct as those of Geodia or Pachymatisma. The 
situation of the foramen is also well defined in many of them. Fig. 10, Plate XXXIV. 
represents a mature ovarium ; fig. 11, a fragment of one to exhibit its degree of thickness ; 
and fig. 12 represents one of the same species of ovarium in an *early stage of develop- 
ment. I have seen four species of sponge which have this description of ovarium ; in one 
it is very considerably longer in its proportions than that represented by fig. 10, Plate 
XXXIV., and in another species it is somewhat shorter. 

Since the preceding portion of the account of the ovaria was written I have received 
a very remarkable specimen of these organs, which differs materially in its structure 
from any of the forms that I have previously described. The sponge consists of a 
small portion of basal membrane, closely resembling that of a Halichondraceous species. 
It was found by my friend Mr. J. Yate Johnston coating rocks and stones at Madeiia. 
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The remains of several exhausted ovaria are dispersed over the surface of the membrane, 
a few only retaining their original form and proportions. They do not appear to have 
had a spicular skeleton, but to have consisted of a coriaceous envelope strengthened 
and supported by a reticulated skeleton of apparently keratose structure. They are 
nearly globular, and are firmly cemented to the membrane by a broad basal attachment. 
Although themselves apparently in an effete state, the membrane on which they are 
seated was in a decidedly living and active condition. It is thickly coated with sarcode, 
and abundantly furnished with equi-anchorate spicula. Numerous slender acuate or 
subspinulate spicula are also dispersed over its surface, which are occasionally fascicu- 
lated after the manner of the first indications of the formation of a Halichondraceous 
skeleton. But the most interesting feature of the membrane is, that at intervals over 
the whole of its surface, and especially at those parts most free from the dispersed 
spicula, there are small detached groups of spicula, each consisting of two or three 
irregular fasciculi crossing each other at various angles, resembling in every respect 
the early stages of development of the gemmules or ova so graphically described by 
Dr. Grant in his account of the gemmules of the sponge he has designated Ualichondria 
panicea. The presence of these early developments of the ova is precisely in accordance 
with the discharged and effete condition of the ovaries, and is just such an effect as 
might naturally be expected under such circumstances. Fig. 13, Plate XXXIV. repre- 
sents one of these ovaria seen by a microscopic power of 108 linear; fig. 14, a small 
piece of the reticulated wall of the ovarium with a power of 308 linear ; and fig. 15 repre- 
sents the development of one of the ova and the surrounding equi-anchorate spicula with 
a power of 108 linear. 

Gemmules. 

If we adopt as a definition that a gemmule is a body not containing ova, but that it 
is a vital mass separated from the parent and capable of being ultimately developed into 
a single individual possessing the same specific characters and capabilities as the parent 
mass, we must consider the reproductive bodies so ably and minutely described by 
Dr. Grant in his paper “ Observations on the Structure and Functions of the Sponge*,” 
not under the designation of ova, but rather under that of gemmules ; and indeed the 
learned author seems to have entertained some doubt of their being correctly designated 
by the former term, a* in speaking of them in a subsequent portion of his paper in 
page 14, he says, “ since these germs or so-named ova are, &c. I have therefore been 
induced to arrange them under the designation of Gemmules. 

Dr. Grant describes their first appearance in the sponge in the months of October 
and November “ as opaque yellow spots visible to the naked eye, and without any defi- 
nite form, size, or distribution, excepting that they are most abundant in the deeper 
parts of the sponge and are seldom observable at the surface;” he also states that 
“ they have no cell or capsule, and appear to enlarge by the mere juxtaposition of the 

* Edinburgh New Philosophical Journal, vol. i. p. 16, plate 2, figs. 24-20. 
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monad-like bodies around them. As they enlarge in size they become oval-shaped, and 
at length in their mature state they acquire a regular ovate form." When they have 
Attained a fully-developed condition, they separate from their attachment to the parent 
and pass out of the faecal orifices. At this period of their existence the learned author 
states that they are endowed with spontaneous motion, in consequence of their larger 
extremity being furnished abundantly with cilia, which the author describes as “ very 
minute transparent filaments, broadest at their base, and tapering to invisible points at 
their free extremities.” After floating freely about for a period, they attach themselves 
to some fixed body, adhering firmly to it, and spreading themselves out into “ a thin 
transparent convex circular film.” The author further states that “ when two ova in the 
course of their spreading on the surface of a watch-glass come into contact with each 
other, their clear homogeneous margins unite without the least interruption, they thicken, 
and produce spicula : in a few days we can detect no line of distinction between them, 
and they continue to grow as one ovum.” 

I have never had the good fortune to see the living gemmule with its cilia in action, 
as described by Dr. Geant, but I have frequently found HalichondracCous sponges 
with an abundance of these gemmules attached to their tissues ; and I have in my pos- 
session a beautiful little specimen, dredged off Shetland, for which I am indebted to my 
kind friend Mr. Barlee, which is very illustrative of Dr. Grant’s description of the mode 
of the development of the young sponge after the ovum or gemmule has attached itself. 
On a fragment of a bivalve shell there are more than twenty or thirty of Dr. Grant’s 
ova or gemmules, which arc all in the same early stage of development, each forming a 
small group of extremely slender spicula. The groups are separate from each other, but 
very closely adjoining. . The diameter of one of the largest does not exceed ^-pth of an 
inch, and their distance from each other is about half or once the diameter of one of them. 
In their present state, as represented by six of them in Plate XXXIV. fig. 16, it is 
evident that they are separate developments, and it is equally evident that a slightly 
further amount of extension would have caused them to merge in one comparatively 
large flat surface of sponge. We see by this instance that a sponge is not always 
. developed from a single ovum or gemmule, but, on the contrary, that many ova or 
gemmules are often concerned in the production of one large individual, and this fact 
may probably account for the comparatively very few small sponges that are to be found ; 
a few days probably serving by this mode of simultaneous development to form the basal 
membrane of the sponge of considerable magnitude, as compared with the individual 
ovum or gemmule, or with a sponge developed from a single ovum only. This mode 
of reproduction appears to have a very wide range. It is common to several distinct 
genera of Halichondraceous sponges ; and I have observed it also in a siliceo-fibrous 
sponge, J Tphiteon panicea of the Museum of the Jardin des Plantes, Paris. Fig. 17, 
Plate XXXIV. represents a small piece from the interior of the skeleton of Iphiteon 
panicea. Although the latter sponge is so widely different in structure from the Hali- 
chondraceous tribes of sponges, its mode of propagation by gemmation seems to be in 
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perfect accordance with them. In Tethea cranium the same mode 6f reproduction by 
gemmules obtains, but the form of the organ is different, and there are other peculi- 
arities in its growth and development that are extremely interesting. 

The form of the gemmules is regularly lenticular ; and there are two distinct sorts of 
them, which are always grouped together. The first is rather the smaller of the two, 
and has a nucleus of slender curved fusiformi-acerate spicula only. The bases of the 
spicula cross each other at the centre of the gemmule, and the apices radiate in all 
directions towards the external surface, but do not, in the fully developed state of the 
gemmule, project beyond it. The second sort of gemmule is furnished with three 
distinct forms of spiculum. The first are like those of the gemmule described above, 
slender fusiformi-acerate; the second are attenuato-porrecto-temate, the radii being 
given off from the apex at about an angle of 45 degrees; and the third form is 
attenuato-bihamate or unihamate, and the hooked apices of this form are projected 
further than either of the other two forms, but do not pass beyond the inner surface of 
the tough dermal envelope of the gemmule when in the adult state. I have examined 
a great number of these gemmules, and could never find in the form first described any 
indication of either tematc or hamate spicula, and I am therefore satisfied that they are 
separate descriptions of gemmule, and that the first form is not a transition state from 
the young and undeveloped to the fully developed one. In like manner I have closely 
observed the second form, and have always found it uniform in character, and furnished 
with the whole three forms of spicula that characterize it. It is highly probable that 
this marked difference in structure is sexual, and, from the more highly developed con- 
dition of the second or large form, that it is the female or prolific gemmule ; but on this 
point we must at present be satisfied with conjecture only, as althoug h L have searched 
diligently for spermatozoa in both forms of gemmule and in the surrounding sarcode, I 
have not been able to detect anything resembling them. But that such bodies do 
occur in some species of Tethea appears to be the case, Professor Huxley having 
described and figured bodies which he believed to be spermatozoa in a paper published 
in the ‘Annals and Mag. Nat. Hist.’ Second Series, vol. vii. p. 370, plate 14, as occurring 
in a species of Tethea found in one of the small bays in Sydney Harbour, Australia. 
The group of gemmules represented by fig. 1, Plate XXXV., consists of (a) one of the 
larger and supposed prolific gemmules, and three (b, b, b) of the presumed male gemmules 
in situ, xl08. Wherever the former occurs the latter appear always to accompany 
them in the proportion of about two or three to one. They are not seated like the 
ovaria of Geodia at the surface of the sponge, but are always found on the interstitial 
membranes at a considerable depth within the sponge. The immersion of the specimen 
in Canada balsam has rendered the marginal lines of the gemmules undistinguishable 
from the surrounding sarcode, but their natural boundaries would be just beyond the 
extreme points of the spicula. 

Fig. 2, Plate XXXV. represents one of the larger gemmules in its natural condition 
and separated from the sponge, by direct light and a linear power of 60. Figs. 39, 40, 
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and 43, Plate XXVI. Phil. Trans. 1858, represent the spicula of the larger description 
of gemmule of Tethea cranium , after separation by nitric acid. 

• The reproductive bodies in the Tethea described by Professor Huxley do not resemble 
those in T. cranium ; no spicula are either described or figured as existing in them, and 
in this respect they appear much more to resemble the reproductive organs described 
by Dr. Grant as existing in the Halichondraceous sponges of the Firth of Forth. But I 
am not surprised at this discrepancy, as in Tethea simillima , Bowerbank, MS., in the col- 
lection of the Royal College of Surgeons, from the Antarctic regions of the South Sea, a 
species very closely resembling T. cranium , the gemmules are so like those of the latter 
species as not to be readily distinguished from them in their natural condition ; but when 
microscopically examined, not the slightest trace could be found of the smaller, and 
what I conceived to be the male gemmule in T. cranium. I have several other species 
of Tethea in my possession, but I have not yet found gemmules in the interior of any 
of them. 

External Gemmulation. 

In Tethea Lyncurium we have gemmules produced externally, which are perhaps much 
more entitled to that designation than any of the reproductive organs previously 
described. The fasciculi near the base of the Tethea are protruded considerably beyond 
the surface of the animal, and at the termination of each there appears a small mass of 
sarcode, which assumes a more or less globular form. If their bodies be immersed in 
Canada balsam and examined microscopically, they will be found to contain not only the 
spicula projected from the parent, but a second series, which have been secreted in the 
mass, and which have assumed the mode of disposition so characteristic of the skeleton of 
the parent Tethea . I am indebted to my friend Mr. T. H. Stewart for this interesting 
fact, and for the specimens illustrating it. They were found in Plymouth Sound. 

Fig. 19, Plate XXXIV. represents one of these gemmules with a portion of the 
skeleton fasciculus on which it is produced, under a linear power of 50. 

Propagation by Sarcodous Division. 

The fact of the resolution of the sarcode of the interstitial tissues of Spongilla into 
small masses of unequal size and variable form has long been known to naturalists, and 
that when separated from the parent bo^y each becomes capable of locomotion, and of 
ultimately becoming developed into a perfect sponge. Carter, in his valuable paper 
published in the Journal of the Bombay branch of the Royal Asiatic Society, No. 12, 
1849, has given a minute account of their structure and motions when separated from 
the species which form the subjects of his paper, and his descriptions are in perfect 
accordance with the similar bodies separated from our European species 8. fluviatilis , 
which I have had frequent opportunities of observing, and of confirming the history 
given by him of their locomotive powers and continual inherent motions. The author 
designates these bodies “ sponge-cells,” and treats of them as if they had a well-defined 
cell-wall, while their eccentric changes of form are perfectly inconsistent with such a 
mdccclxii. 5 T 
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structure. Lieberkuhn, in treating of these bodies under the name of motile spores, 
states that he has never succeeded in discerning a “ cell-membrane ” around these par- 
ticles, and my own observations are in perfect accordance with his experiences. The truth 
appears simply to be, that any minute mass of sarcode, whether separated voluntarily or 
involuntarily, has inherent life and locomotive power, and is capable of ultimately deve- 
loping into a perfect sponge ; and in the course of this process the dermal membrane is 
produced at a very early period, and this, surrounding an agglomeration of minute 
masses of sarcode, may have been mistaken by Carter for a cell-membrane. The same 
author, in his observations “ On the Species, Structure, and Animality of the Freshwater 
Sponges in the Tanks of Bombay,” states, “ that when the transparent spherical capsules 
which contain the granules within the seed-like bodies are liberated by breaking open 
the latter under water in a watch-glass, their first act is to burst ; this takes place after 
the first thirty-six hours ; and their granules, which will presently be seen to be the true 
ova of a proteaniform infusorium, varying in diameter from about the part of an 

inch to a mere point, gradually and uniformly become spread over the surface of the 
watch-glass. On the second or third day (for this varies) each granule will be observed 
to be provided with an extensible pseudo-pediform base ; and the day after most of the 
largest may be seen slowly progressing by its aid, or gliding over the surface of the 
watch-glass in a globular form by means of some other locomotive organs.” 

This description is strikingly similar to the same author’s account of the masses of 
sarcode separated from the sarcodous lining of the interstitial canals of Spongilla : but 
it must be observed that, in the development of the egg, the first act is to liberate itself 
from the membranous envelope ; and the contents thus hatched become moving masses 
of free sarcode, but without the locomotive cilia that are found on the so-called ova or 
gemmules of the marine sponges, so minutely and accurately described by Dr. Grant 
in his papers “ On the Structure and Functions of the Sponge ” in the ‘ Edinburgh New 
Philosophical Journal,’ vol. ii. p. 129. This author describes the ovum or gemmule of 
Ilalichondria panicea (Hal. incrustans , Johnston), after having floated freely about for a 
period by means of the cilia around its larger extremity, as attaching itself to a fixed 
body by its smaller end and then gradually settling down in the form of a broad flat 
mass, and, after losing its cilia, being gradually developed in the form of the parent 
sponge. Thus every description by these close and accurate observers tends to the con- 
clusion that the multiplication of the sponge is effected by the origination in the ovum, 
or by the agglomeration in the form of gemmules, of particles of sarcode. The action of 
the minute masses of sarcode liberated by the bursting of the envelope of the ovum, and 
their subsequent development, are precisely those of the so-called sponge-cell liberated 
from the mass of the sarcode lining the interstices of the sponge, and of the gemmules 
described by Grant, when sessile : each moves independently at first ; each unites with 
its congeners into one body ; and the results, both in means and end, are precisely the 
same • but their origin is different. The one is a gemmation of sarcode witjhin a proper 
membrane in the form of an egg, while the others are the production of a gemmule 
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by independent growth, or by spontaneous division of the sarcodous substance of the 
sponge. 

* Both these modes of propagation occur in the same species, Spongilla fluviatilis , but 
I have never yet seen them both well developed in the same individual. Where the 
ovaria were abundant, the sarcode appeared even and consistent in its structure ; and, on 
the contrary, if it exhibited manifest symptoms of granulating, very few or none of the 
ovaria could be detected. • This double means of propagation is by no means uncommon 
among the Zoophytes. 

I have never seen the spontaneous granulation of the sarcode in any living marine 
species of sponge ; but as the vital powers and general physiological characters of that 
substance appear to be the same in all the Spongiadae, however varied in form and 
structure, it is highly probable that perpetuation by spontaneous or accidental separa- 
tion of minute masses of sarcode is by no means confined to Spongilla , and that, from 
the concurrent testimony of all who have investigated the subject, every molecule of 
sarcode, however minute, has inherent vitality, and the power of uniting with its own 
congeners whenever they may chance to come in contact. 

Growth and Development of Sponges. 

The growth of the sponge does not appear to be continuous, but periodical, as we 
may observe in the branching species, and especially in II. palmata. If the sponge be 
held up between the eye and a lighted candle, as many as five or six of the former 
pointed terminations of the sponge in succession, from near the base to the apex, may 
be seen ; and the former lateral boundaries are also equally distinct, the oscula being 
most frequently, but not always, continued through the new coating of the lateral deve- 
lopment of the spongeous structure. New branches are also frequently thrown out 
during the last period of development at various parts of the stem where no indication 
of branches existed previously. In all these newly-developed parts, it may be observed 
that the primary lines of the structure of the skeleton, or those radiating at nearly right 
angles to the axis of the sponge, are those which are first developed ; and at the extreme 
points of the branches they are frequently seen projecting for, comparatively, a con- 
siderable distance in the form of single unsupported threads or filaments ; but as we 
trace these lines inward, we find the secondary or connecting fibres increasing in num- 
ber, and the network becoming closer and more fully developed. The same mode of 
development may be traced in Halichondria oculata , Johnston, but not to such an 
extent as in II. palmata , Johnston. In the sessile massive species of Halichondroid 
sponges the same mode of development seems to obtain, as I have frequently traced the 
different stages of growth in sections at right angles to the surface of the sponge. 


5 t 2 
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Explanation op the Plates. 

PLATE XXVII. 

Pig. 1. Fibro-membranous tissue in which the layers of fibre cross each other at various 
acute angles, from Polymastia robusta , Bowerbank, MS., X 308 linear: page 
751. 

Fig. 2. Fibro-membranous tissue in which the layers of fibre cross each other at about 
right angles, from Polymastia robusta , Bowerbank, MS., X666 linear: page 
751. 

Fig. 3. Fibro-membranous tissue from the dermal membrane of a species of Stematvr 
menia. The fibres are disposed without order, x 183 linear: page 751. 

Fig. 4. Fibro-membranous tissue containing a single layer of parallel fibres on a portion 
of the membrane from an excurreiit canal of one of the common honeycomb 
sponges of commerce, x 666 linear: page 751. 

Fig. 5. A portion of the dermal membrane of a young Stematumenia , with cells which 
produce the primitive fibres dispersed on its inner surface: — a, a, cells in situ , 
which have each produced a fibre, x666 linear: page 752. 

Fig. 6. Three fibres in progressive states of development : — a, exhibiting no indications 
of an ultimate separation from the basal cell ; b , showing the mature termina- 
tion of the fibre previous to separation ; c, exhibiting the collapsed remains 
of the exhausted basal cell, x 666 linear : page 752. 

Fig. 7- Solid keratose fibre from a cup-shaped specimen of the best Turkey sponge 
of commerce in the condition in which it came from the sea, xl75 linear: 
page 754. 

Fig. 8. Fibres of the skeleton of Ilalichondria oculata, J oiinston, illustrating spiculated 
keratose fibre, Xl75 linear: page 755. 

Fig. 9. A young fibre of Halichondria Montagui , J oiinston : a, the apical spiculum, 
Xl75; page 755. 

Fig. 10. A fibre from the skeleton of Halichondria cegagropila , Johnston, illustrating 
the structure of multispiculated keratose fibre, Xl08 : page 755. 

Fig. 11. A longitudinal section of a small fibre of the skeleton of Maphyrus Oriffithsii , 
Bowerbank, MS., showing the irregular disposition of the spicula within it, 
X90 linear: a, one of the spicula, xl75 linear: page 755. 

Fig. 12. Simple keratose fistulose fibre from Spongia Jistularis, Lamarck, x 108 linear : 
page 756. 

Fig. 13. Compound fistulose keratose fibre from the skeleton of an Auliskia , X 100 
linear: a, a, the minute tubular fibres traversing the central cavity of the 
skeleton-fibre : page 756. 

Fig. 14. A portion of one of the skeleton-fibres of Auliskia , exhibiting the secondary 
canals radiating from the primary ones, X 300 linear : page 756. 
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PLATE XXVIII. 

•Fig. 1. Regular arenated keratose fibre from the skeleton of a coarse rigid Australian 
sponge, x90 linear: page 757. 

Fig. 2. Regular arenated keratose fibre from a flexible sponge, one of the common 
Bahama sponges of commerce, X 175 linear : page 757. 

Figs. 3, 4, and 6r Portions of skeleton-fibre from a specimen of Dysidea fragilis , 
Joiinston, illustrating the varieties of form of irregular arenated keratose 
fibre, xl08 linear: page 757. 

Fig. 6. Showing the mode by which the apex of the fibre attaches itself to a single 
grain of sand, Xl08 linear: page 757. 

Fig. 6. Smooth solid siliceous fibre, with young fibres pullulating from the adult ones at a. 
From the skeleton of M'Andrevma azo'ica, Gray, xl75 linear: page 758. 

Fig. 7. Tuberculated solid siliceous fibre from the skeleton of Dactylocalyx pumicea , 
Stutchbury, Xl08 linear: page 758. 

Fig. 8. Tuberculated solid siliceous fibre, very prominently tuberculated, from Dactylo- 
calyx Prattii, Bowerbank, MS., x 375 linear: page 758. 

Fig. 9. Fibrillated sponge-fibre from the skeleton of one of the sponges of commerce, 
X308 linear: page 754. 

Fig. 10. Fibrillated sponge-fibre from the skeleton of an Australian sponge, X 175 linear: 
page 754. 

Fig. 11. Spinulated simple fistulose siliceous fibre, from a sponge in the collection of 
Dr. Arthur Farre, Farrea, Bowerbank, MS., X 108 linear : page 758. 

Fig. 12. Cidarate prehensile fibre from a parasitical siliceo-fibrous sponge from the 
South Sea, showing the position of the prehensile organs at the base of the 
sponge, x83 linear: page 759. 

Fig. 1 3. A group of cells on a portion of the interstitial membrane of Ecionemia acervus , 
Bowerbank, MS., x666 linear: page 759. 

Fig. 14. Cells on a portion of the interstitial membrane of Ualichondria nigricans , 
Bowerbank, MS., x 308 linear : page 759. 

Fig. 15. Detached nucleated cells from a new species of sponge from Freemantle, 
Western Australia, X308 linear: page 759. 

Fig. 16. A view of the upper stratum of cells of one of the ovaria of Spongilla friabilis, 
Carter, x 308 linear: page 760. 

PLATE XXIX. 

Fig. 1. A piece of an interstitial membrane from the honeycomb sponge of commerce 
in the condition in which it came from the sea, exhibiting the sarcode on its 
surface, and the imbedded semi-digested minute molecules, x666 linear: 
page 760. 
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Fig. 2. A spinulate spiculum from Halicnemia patera, Bowerbank, MS., xl75 linear: 
page 766. 

Fig. 3. A bispinulate spiculum from the same sponge, Xl75 linear: page 766. ' 

Fig. 4. A trispinulate spiculum from the same sponge, Xl75 linear: page 766. 

Figs. 6, 6, 7. The same forms of spicula as figures 2, 3, and 4, in progressive stages of 
development, the apices not having attained their acute terminations, xl76 
linear: page 766. 

Fig. 8. Inner surface of the dermal crust of Dactylocalyx Prattii , showing the manner 
in which the apices of the radii of the ternate spicula are spliced on each other 
to form the areas for the intermarginal cavities, xl08 linear: page 767. 

Fig. 9. Three of the ternate spicula of Dactylocalyx Prattii , exhibiting the variations 
in form and the compressed condition of their radii, xl08 linear: page 767. 

Fig. 10. A portion of a thin section at right angles to the surface of a specimen of 
Halichondria seriata , Johnston, il’ustrating the mode of external defence by 
the prolongation of the radial lines of the skeleton, xl08 linear: page 769. 

Fig. 11. Part of a small branch of Dictyocylindrus rugosus , Bowerbank, MS., exhibiting 
the radiating structure of the defensive fasciculi, X&0 linear: a , a part of 
the central axis of spicula: page 770. 

Fig. 12. A portion of a slice at right angles to the surface from Tethea cranium , showing 
the fasciculi of defensive spicula (a), and the mode in which they are supported 
by buttresses of spicula beneath the surface of the sponge at b : c, the recurvo- 
temate spicula, x50 linear: page 770. 

PLATE XXX. 

Fig. 1. A section at right angles to the surface of Microciona atrosanguinea, Bowerbank, 
MS., showing the position of the pedestals forming the skeleton and the 
terminal spicula, xl08 linear: page 771. 

Fig. 2. A single mature pedestal, showing its structure and the proportions and posi- 
tions of the external defensive spicula, Xl75 linear: page 771. 

Fig. 3. A section of Jlymerapkia stellifera , Bowerbank, MS., showing the large bulbous 
skeleton-spicula in situ , their apices forming the external defences: a , the 
stelliferous internal defensive spicula elevated by a grain of sand beneath the 
basal membrane, Xl08 linear: page 771. 

Fig. 4. a , The basal portion of one of the skeleton-spicula of ITymerapkia stellifera , with 
its large bulbous base, x 260 linear : b , one of the stelliferous internal defen- 
sive spicula, x 260 linear : page 771. 

Fig. 5. A small portion of a longitudinal section through the cloaca of a specimen of 
Orantia tessellata , Bowerbank, MS., showing the positions of the internal 
defensive spicula, and their curvature towards the mouth of the cloaca, Xl08 
linear: page 772. 
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Fig. 6. A small portion of the kerato-fibrous skeleton of an Australian sponge, showing 
the attenuato-acuate entirely spined internal defensive spicula in situ dispersed 
on the skeleton-fibre, Xl08 linear: page 773. 

Fig. 7. Yerticillately spined internal defensive spicula dispersed on keratose fibres of the 
skeleton, from* a West Indian sponge, Xl75 linear: page 773. 

Fig. 8. Yerticillately spined internal defensive spicula from a keratose sponge from the 
West Indies. Congregated in fasciculi, Xl75 linear: page 773. 

Fig. 9. A small portion of Hymeniacidon Cliftoni, Bowerbank, MS., exhibiting the 
membranous tissues of the sponge enveloping the fibres of a Fucus; the 
defensive spicula over the fibre being erect, while those on the adjoining 
membrane are recumbent, xl08 linear: — a , one of the attenuato-cylindrical 
internal defensive spicula, X 260 linear ; b, a small portion of the surface of 
the Fucus showing its cellular structure, *X 400 linear: page 774. 

Fig. 10. A portion of the reticulated skeleton of the sponge, with the radiating fasciculi 
of . spinulo-quaternate internal defensive spicula in situ , X 108 linear : 
page 775. 

PLATE XXXI. 

Fig. 1. A portion of the reticulated skeleton of a sponge from Madeira, the fibres armed 
with trenchant contort biliamate spicula, x50 linear: page 776. 

Fig. 2. One of the trenchant contort bihamate spicula, showing the cylindrical form at 
the curves of the hook and the middle of the shaft, and the trenchant edges 
of the rest of the inner surfaces of the spiculum, x400 linear: page 776. 

Fig. 3. A portion of the skeleton of Hyalonema mirabilis, Gray, showing the mode of 
disposition of the multihamate birotulate and spiculated cruciform spicula in 
the body of the sponge. In the collection at the British Museum, X 50 linear : 
page 777. 

Fig. 4. A multihamate birotulate spiculum, magnified 175 linear, to exhibit the pecu- 
liarities of its structure : page 777. 

Fig. 5. A spiculated cruciform spiculum, to show the relative proportions of the two 
forms of defensive spicula, X 175 linear: page 777. 

Fig. 6. The same form of spiculum as fig. 6, showing the peculiarities of its spination, 
X 260 linear: page 777. 

Fig. 7. A small portion of the skeleton of Hyalonema mirabilis 1, Gray, from a speci- 
men in the Bristol Museum, showing the reticulations of the skeleton to be 
abundantly supplied, in some parts, with a small variety of multihamate biro- 
tulate spicula : a, one of the large spicula, of the same form as those in fig. 5, 
in situ, X 108 linear: page 777. 

Fig. 8 represents a small portion of the inner surface of the dermal membrane of Hyme - 
desmia Zetlandica , Bowebbank, MS., showing the fasciculation of the simple 
bihamate spicula, the equi-anchorate ones dispersed singly on the membrane, 
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and the large attenuato-acuate entirely spined defensive ones in situ , X 308 
linear: page 780. 

Fig. 9. A young circular group of inequi-anchorate spicula, situated on one of the' 
interstitial membranes of Ilymeniacidon lingua , Bowerbank, MS., X 308 
linear: page 780. * 

Fig. 10. A larger and more complete circular group of inequi-anchorate spicula, con- 
taining about the usual number of spicula, from the same sponge as the group 
represented by fig. 9, X 308 linear: page 781. 

Fig. 11. A circular group of torqueato-tridentate inequi-anchorate spicula from the 
interstitial membranes of a new species of Ilymeniacidon from Freemantle, 
Australia, X 308 linear: page 781. 

Fig. 12. A single spieulum, from a group similar to that represented by fig. 11, exhibit- 
ing the singular structure ^»f the base and the tridentate apex of the spieulum, 
X 400 linear: page 781. 

Fig. 13. A section of Ilalichondria jyanicea , Johnston, showing the intermarginal cavi- 
ties at a, a, immediately beneath the dermal surface, Xl08 linear: page 787. 

Fig. 14. A small portion of the dermal membrane of Tetliea muricata, Bowerbank, MS., 
exhibiting the pores in an open condition, X 108 linear: page 782. 

Fig. 15. The lower portion of the same piece of membrane, highly magnified, to show 
the positions of the elongo-stellate defensive spicula on the external surface 
of the dermal membrane, X 183 linear: page 782. 


PLATE XXXII. 

Fig. 1. A section at right angles to the surface of a branch of Halichondria simulant, 
Johnston, exhibiting the form and position of the intermarginal cavities, 
X 108 linear: page 787. 

Fig. 2. A^ection, at right angles to the surface v of Geodia Barretti , Bowerbank, MS. : — 
a, a, longitudinal sections of two of the intermarginal cavities ; b, b , the basal 
diaphragms of the intermarginal cavities ; c , c, imbedded ovaria, forming the 
dermal crust of the sponge ; d, d, the large patento-temate spicula, the heads 
of which form the areas for the valvular bases of the intermarginal cavities ; 
e , e, e, recurvo-temate defensive and aggressive spicula within the summits 
of the great intercellular spaces of the sponge ; f, f, portions of the inter- 
stitial membranes of the sponge, crowded with minute stellate spicula ; g , g, 
portions of the secondary system of external defensive spicula, X 50 linear : 
page 788. 

Fig. 3. View of a small portion of the inner surface of the dermal crust of Geodia Bar - 
retti , Bowerbank, MS., with three of the valvular membranes of the proximal 
ends of the intermarginal cavities: — a, a, valves closed; b, a valve partly 
open; c, c, the radii of the patento-temate spicula, imbedded in the tissues, 
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and forming the areas for the support of the valvular terminations of the inter-’ 
marginal cavities, X 50 linear: page 788. 

fig. 4. Four groups' of inhalant pores in the dermal membrane, situated immediately 
above the distal ends of the intermarginal cavities of G. Barretti , X 83 linear : 
page 794. 

Fig. 5. A portion of the dermal surface of Ilalichondria panicea, Johnston, showing the 
multispicular network for the support of the dermal membrane, and the open 
pores in the areas, X 108 linear: page 793. 

Fig. 6. A small portion of the dermal membrane from Dictyocylindrus stuposus , Bower- 
bank, MS., exhibiting the number and position of the minute sphero-stellate 
defensive spicula with which it is armed, X 308 linear: page 793. 

Fig. 7. A small portion of the quadrilateral siliceo-fibrous network of the dermis of the 
sponge upon which Dr. A. Fakre’s specimen of Euplectella cucumer , Owen, 
is based, showing the double series of entirely spined spicular organs pro- 
jected from its angles, X 108 linear: page 790. 

Fig. 8. A small portion of the single-seried dermal spicular network of Isodictya varians , 
Bowerbank, MS., X 108 linear: page 792. 

Fig. 9. A piece of reticulated kerato-fibrous tissue, for the support of the dermal mem- 
brane of one of the species of the common West Indian sponges of com- 
merce, X 108 linear: ‘page 792. 

« 

PLATE XXXIII. 

Fig. 1. A longitudinal section of the intermarginal cavities of Grantia compressa, show- 
ing the cilia and their basal cells in situ , X 500 linear : page 806. 

Fig. 2. A view of a small portion of the inner surface of Grantia compressa , exhibiting 
the oscula open, and the appearance presented at their orifices by the cilia 
within in action, X 500 linear: page 806. 

Fig. 3. Two detached tessellated cells and their cilia, (a) in the position of inaction, 
(b) in the position of action, X 1250 linear : page 806. 

Fig. 4. A group of detached tessellated cells from the interior of the intermarginal 
cavities of Grantia compressa , X 1250 linear: page 807. 

Fig. 5. An ovarium of Spongilla fluviatilis in its natural state, exhibiting the foramen, 

X 83 linear : page 808. 

Fig. 6. A small piece of a fibre of the skeleton of one of the common Bahama sponges 
of commerce, with numerous ova imbedded in its surface, X 400 linear: 
page 809. 

Fig. 7. A small piece of the fibre represented by fig. 6, exhibiting the varieties in form 
and proportion of the ova, X 1250 linear : page 809. 

Fig. 8. View of a section at right angles to the surface of a fragment of the skeleton of 
the ovarium of Spongilla fluviatilis, prepared with nitric acid, exhibiting the 
mdccclxii. 5 * 
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relative positions of the spicula in the skeleton: — a, a spiculum from the 
same ovarium, detached, X 308 linear : page 811. 

Kg. 9. A perfect skeleton of an ovarium of Spongilla fluviatilis, prepared with nitric 
acid, X 183 linear: page 811. 

Fig. 10. A skeleton of an ovarium of Spongilla lacustris , prepared with nitric acid, 
exhibiting the spicula in situ and the foramen, X 183 linear : page 811. 

Fig. 11. Two of the reticulated cases of the ovaria of Spongilla Brownii , Bowerbank, 
MS. : — a , an empty case ; b, a case containing the skeleton of an ovarium, 
X 50 linear: page 813. 

Fig. 12. A reticulated case of an ovarium of Spongilla reticulata , Bowerbank, MS., 
X 175 linear : page 812. 

Fig. 13. Skeleton of an ovarium of Spongilla reticulata , Bowerbank, MS., without its 
case, prepared with nitric acid, X 175 linear : page 812. 

PLATE XXXIV. 

Fig. 1. A perfect ovarium of Diplodemia vesiculata , Bowerbank, MS., and a portion of 
a second one, showing the interior and the thickness of its walls in its natural 
state, X 83 linear: page 813. 

Fig. 2. An ovarium of Geodia M'Andrewii , Bowerbank, MS., in very nearly an adult 
state, showing the structure and position of the conical foramen for the 
discharge of the ova, natural condition, X 183 linear: page 815. 

Fig. 3. A small portion of the surface of a fully-developed ovarium of Geodia M e An- 
drewii in its natural state, showing the distal ends of the spicula flat and 
angular, and firmly cemented together, X 308 linear : page 815. 

Fig. 4. A portion of a young ovarium of Geodia M’Andrewii, with the distal ends of its 
spicula acutely terminated, and unconnected, X 308 linear: page 815. 

Fig. 5. A portion of a section through nearly the centre of a mature ovarium of Geodia 
M e Andrewii , showing the radiation of its spicula from near the centre to its 
circumference, X 308 linear : page 815. 

Fig. 6. Two ovaria of Geodia MeAndrewii, (a) containing about the maximum of ova, 
(b) after a great part of the ova have been discharged, X 108 linear: 
page 814. 

Fig. 7. A mature ovarium of Pachymatisma Johnstonia, Bowerbank, exhibiting the 
cuneiform spicula of the foramen, X 308 linear: page 815. 

Fig. 8. A young ovarium of Pachymatisma Johnstonia in course of development, X 308 
linear: page 815. 

Fig. 9. A young ovarium of Pachymatisma Johnstonia in a very early stage of develop- 
ment, X 308 linear : page 816. 

Fig. 10. An ovarium from a sponge from Madeira closely allied to Pachymatisma , 
exceedingly depressed and much elongated, X 308 linear : page 816. 
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Fig. 11. A fragment of a similar ovarium to that represented by fig. 10, the fracture 
showing its extremely thin condition, x 308 linear : page 815. 

Fig. 12. A young ovarium of the same species as that represented by fig. 10, in an early 
stage of development, X 308 linear : page 815. 

Fig. 13. A reticulated ovarium in situ , on the fragment of a sponge from Madeira, 
X 108 linear : page 816. 

Fig. 14. A portion of the reticulated structure from an ovarium of the same description 
as represented by fig. 13, x 308 linear : page 816. 

Fig. 15. An ovum in course of development into a young sponge on the same membrane 
as that on which the ovarium represented by fig. 13 is seated, X 108 linear: 
page 816. 

Fig. 16. A group of ova or gemmules in course of development into young sponges, 
found, with many others, on the inner surface of a fragment of a large Pecten 
from Shetland, X 108 linear: page 817. 

Fig. 17. A small portion of the skeleton of Iphiteon panicea in the Museum of the 
Jardin des Plantes, Paris, with gemmules in situ , X 183 ( Dactylocalyx , 
Stutchbury) : page 817. 

Fig. 18. A gemmule detached from Iphiteon panicea, X 666 linear: page 817. 

Fig. 19. A gemmule extruded from. near the base of a specimen of Tethea Lyncurium, 
on the' distal extremity of one of the skeleton fasciculi, x 50 linear : 
page 819. 


PLATE XXXV. 

Fig. 1. A group of internal gemmules in situ, on the interstitial membranes of Tethea 
cranium : — a, one of the larger and most completely organized gemmules ; 
b, b, b, three of the smaller and more simple gemmules which always accompany 
th£ larger ones. In Canada balsam, x 108 linear : page 818. 

Fig. 2. One of the larger description of gemmules of Tethea cranium , in its natural 
state, removed from the membrane and viewed by direct light, X 25 linear : 
page 818. 

Fig. 3 represents a portion of the sponge from the East Indies, furnished with numerous 
depressed porous areas with protecting organs, natural size : page 794. 

Fig. 4. Two of the inhalant areas, connected by the dermal network : — a, the external 
protective organ in a perfect condition ; b, having the external protective organ 
removed to exhibit the deeply depressed porous area, X 50 linear: page 794. 

Fig. 5. Half of one of the external defensive organs, highly magnified, to exhibit the 
disposition of the spicula on the follicular radiations of the organ, X 108 
linear: page 794. 

Fig. 6. A view of the interior surface of half of one of the external defensive organs, 
exhibiting the structure of the semifollicular radiations of the organ, x 108 
linear : page 794. 
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Supplement to Part I. “ On the Anatomy and Physiology of the Spongiadce by J. S. 
Bowerbank, LL.D F.R.S., F.L.S. Ac. — Descriptions of New Forms of Spicula 
that have been discovered since the publication of the First Part (Phil. Trans. 1858, 
p. 279). 

Received November 29, 1862. 


Spicula of the Skeleton. 

Farcimulo-cylindrical (Plate XXXVI. fig. 1). — This is the shortest and stoutest 
form of skelcton-spiculum I have yet seen. It forms the entire skeleton of Spongilla 
coralloides, Bowerbank, MS. A new Species from the River Amazon. In the collection 
of the Royal College of Surgeons of London. 

Inequi-acerate vermiculoid (Plate XXXVI. fig. 2). — These spicula are found 
dispersed in .great numbers in the basal membrane of Hymeraphia vermiculata , Bower- 
bank, MS. .Anew species of British sponge from Shetland. No two of them agree 
in the form or amount of their contortions, but all of them are more or less inequi- 
acerate. 

Nodulated cylindrical vermiculoid (Plate XXXVI. fig. 3). — The sponge whence 
this spiculum is derived has not yet been found. It occurs along with inequi-acerate 
vermiculoid and other well-known forms of sponge-spicula in the soundings from the 
Atlantic, in 20.70 fathoms, and, like the last-named form, no two of them agree in the 
: mode or amount of their contortions. 

Elongo-equiangulated triradiate (Plate XXXVI. fig. 4). — An auxiliary skeleton- 
spiculum fromrthe surface of Orantia striatula, Bowerbank, MS. From Madeira. The 
elongate ray is always disposed in accordance with the long axis of the sponge. 

Exflected elongo-equiangulated triradiate (Plate XXXVI. fig. 5). — From the 

surface near the base of Orantia striatula , Bowerbank, MS. From Madeira. The 

elongated ray in this form, as well as the one represented by fig. 4, varies considerably 
® ® # 4 
in its proportions. 

Doliolate cylindrical (Plate XXXVI. fig. 6). — From a portion of the skeleton of a 
sponge nearly related to Ecionemia , Bowerbank, MS. Locality unknown. 

Bifurcated expan do-tern ate (Plate XXXVI. fig. 7). — From the same sponge as 
fig. fi ; the shaft of the spiculum assisting in the formation of the skeleton, while the 
temate terminations act as external defensive spicula. 

POrrecto-ternate (Plate XXXVI. fig. 8). — From the same sponge as fig. 6 ; the 
shaft belonging to the skeleton and the ternate apex acting as an external defensive 
spiculum, 

Expando-ternate (Plate XXXVI. fig. 9). — From the same sponge as fig. 6; the 
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shaft acting as a skeleton-spiculum, while the ternate apex serves as a defensive spi- 
culum. 

* Geniculated ex pan do-tern ate (Plate XXXVI. fig. 10). — From Tetliea Collin gsii, 
Bowerbank, MS. Sark. The shaft acts as a subsidiary skeleton-spiculum, and the 
ternate apex as a defensive one. 

Abbreviato-patento-ternate (Plate XXXVI. fig. 11). — From a sponge allied to 
Pachymatisma , in the Museum of the Itoyal College of Surgeons, London. External 
defensive. The example figured is a fully-developed spiculum. 

Inflato-fusiformi-acerate, ascendingly iiemi-spjnous (Plate XXXVI. fig. 12). — 
From Hyalonema mirabilis , Gray. British Museum. These spicula are projected in 
great numbers from the dermal surface of the body of the sponge, the smooth basal 
half being immersed in the tissues beneath the dermal membrane, and the spinous 
distal portion projected beyond it. The form and mode of disposition of the spines 
indicate its purely defensive character. 

Verticillately spined cylindrical (Plate XXXVI. fig. 13). — This spiculum is very 
abundant on the dermal and interstitial membranes of an undescribed sponge from 
Freemantle, Western Australia. It is both externally and internally defensive. 

Sub-attenuato, entirely spined cylindrical (Plate XXXVI. fig. 14). — From Ily- 
meniacidon Cliftoni , Bowerbank, MS. Freemantle, Western Australia. Internal 
defensive. 

Spiculated inequi-angulated triradiate, with cylindrical entirely spined radii 
(Plate XXXVI. fig. 15). — From a fragment of a sponge presented to me by Mr. 
Vickers of Dublin, who thinks it probably came from the West Indies. This spiculum 
is an external defensive one. The triradiate rays arc imbedded immediately beneath 
the dermal membrane, and the spicular ray is projected through it at right angles to its 
plane ; they are very numerous. 

Spiculated attenuato-equiangular triradiate, verticillately spined (Plate XXXVI. 
fig. 16). — From an undescribed sponge. Freemantle, Western Australia. I have not 
seen the sponge whence this spiculum is derived, but, reasoning from, our knowledge of 
the form and situation of the spiculum represented by fig. 15, there can be little doubt 
of its being an external defensive one. 

Spiculated cylindro-equiangular triradiate, verticillately spined (Plate XXXVI. 
fig. 17).— From a fragment of sponge from Freemantle, Australia. This spiculum 
occurs in the same slide of sponge-spicula as the form represented by fig. 16. It was 
sent to me by my friend Mr. George Clifton, of Freemantle. There can be little 
doubt of its being an external defensive organ. 

Inequi-furcato-triradiate (Plate XXXVI. figs. 18 & 19). — These forms of spicula 
are from a new species of calcareous sponge, probably a Qrantia. They were sent to 
me, mounted in Canada balsam, by my friend Mr. George Clifton, of Freemantle, 
Australia. They occur loosely fasciculated, and their mode of disposition is very similar 
to those represented by figa 4 & 5, Plate XXXVI. They differ considerably* from each 
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other in length and in the width of the prongs of the fork apart, but they all have 
them unequal in length. It is probably an auxiliary skeleton and external defensive 
spiculum. 

Elongo-recurvate dentato-birotulate (Plate XXXVI. fig. 20). — From Hyalonema 
mirabilis. Gray. This spiculum is from the same sponge as that represented by fig. 4, 
Plate XXXI. Part II. It is an extreme variety of that form. Fig. 7, a, in the same 
plate, appears to be an intermediate variety. 

Elongo-recurvate dentato-birotulate (Plate XXXVI. fig. 21). — From soundings 
in the Indian Ocean, 2200 fathoms. The smooth shaft and the widely-spread teeth of 
this spiculum render it very probable that it belongs to an unknown species of Hyalo- 
nema. 

Recur vo- acutely dentate birotulate (Plate XXXVI. fig. 22). — From soundings in 
the Indian Ocean, 2200 fathoms. The thin smooth shaft and the acutely-terminated 
teeth of this form indicate probably a species of Hyalonema unknown to naturalists at 
present. 

Recurvo-dentato-birotulate (Plate XXXVI. fig. 23). — From soundings in the 
Indian Ocean, 2200 fathoms. The fragment represented is most probably from 
another unknown species of Hyalonema. It is the only specimen of this form that 
has, I believe, been found. 

Attenuato-cylixdrical, verticillately spined (Plate XXXVI. figs. 24 & 25). — 
These spicula are found dispersed in abundance on the interstitial and dermal mem- 
branes of Hymeraphia verticillata , Bowerbank, MS. A new British species, brought 
up by the sounding-line from 100 fathoms, off the Western Coast of Ireland, by the 
officers of H.M. ship ‘ Porcupine.’ It is remarkable as being the only verticillately- 
spined spiculum that has been found in a British species of sponge, and also for 
exhibiting the mode of development of that class of spicula. In the earliest stage the 
spiculum is long, slender, and perfectly smooth ; as the growth proceeds, two or three 
slight inflations appear near the middle of the shaft, and others are successively deve- 
loped beyond them, until the spiculum assumes the moniliform appearance represented 
by fig. 25. As the inflations increase in number and size, a few incipient spines appear 
in a circumferential line at their greatest diameter ; and as the growth proceeds, the 
spines increase in number and size, and the spaces’ between the inflations are filled up by 
the expansion of the shaft ; and this mode of development is continued until the adult 
spiculum assumes the form represented by fig. 24. This form appears to act both as a 
tension and a defensive spiculum. 


Spicula of the Sarcode. 

Torqueato-bidentate inequi-anchorate (Plate XXXVI. fig. 26). — From an unde- 
scribed species of sponge. Freemantle, Western Australia. Sent to me, mounted in 
Canada balsam, by Mr. George Clifton. This is closely allied to the one represented 
by fig. 12, .Plate XXXI. Part 11. 
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Bicalcarate bihamate (Plate XXXVI. tig. 27). — This singular and minute form of 
spiculum has hitherto been found only in Isodictya Normani , Bowerbank, MS. A* new 
Brjtish species. 

Expando-tridentate equi-anchorate (Plate XXXVI. fig. 28). — From an undescribed 
sponge in the British Museum. The shaft of this minute spiculum is frequently curved 
to the extent of nearly a semicircle. Expando-bidentate forms are also mingled with 
the tridentate ones. 

Tridentate fimbriated equi-anchorate (Plate XXXVI. fig. 29). — From Isodictya 
jfimbriata, Bowerbank, MS. Shetland. The singular fimbriation of the shaft of the 
spiculum has never been observed in any other anchorate spiculum. In this sponge 
the spicula of this form may be traced from the earliest stage of development to the 
fully fimbriated form exhibited by the one represented by fig. 28. They arc very 
abundant on the interstitial and dermal membranes, and mixed with them ; there are 
many that are only bidentate, but are as completely fimbriated as the tridentate ones. 
The fimbriee are very delicate and translucent, and require a careful management of the 
light to render them apparent. 

Quadrihamate (Plate XXXVI. fig. 30). — From Hyalonema mirabilis, Gray. These 
very minute spicula are dispersed in considerable numbers on the interstitial membranes 
of the sponge. 

Inequi-trirotulate (Plate XXXVI. fig. 31). — From an undcscribed sponge in the 
cabinet of my friend Mr. George Clifton, of Freeman tie, Western Australia. In 
Plate XXVI. fig. 38 I have figured a more fully developed specimen of this form, and 
described it in the ‘Philosophical Transactions’ for 1858, page 319, believing at that 
time that it was probably derived from the ovarium of a Spongilla. From the struc- 
tural differences of the two specimens, it is probable that the former one is not from the 
same species of sponge as the latter. 

Eccentric trirotulate (Plate XXXVI. figs. 32 & 33). — From the same sponge as 
fig. 31. Fig. 33 presents the fully-developed axial eccentricity, while the axis in the 
spiculum represented by fig 32 is both centrical and eccentrical, and these variations in 
the mode of the development of the rotulas are exceedingly common. 

Cylindro-cruciform (Plate XXXVI. figs. 34, 35, 3f>, 37). — From Hyalonema rnira- 
bilis , Gray. British Museum. These four forms occur in considerable numbers, either 
imbedded in, or immediately surrounding the thick coriaceous sheath which envelopes 
the spiral column that is projected from the base of the sponge through its centre. 
All the imaginable varieties of form between figs. 34 and 37 are found mixed together ; 
and they appear to be especially abundant around that part of the column which is 
imbedded in the midst of the sponge. The cylindrical form represented by fig. 34 is of 
rare occurrence without a slight indication near the middle of the absent third and 
fourth rays of the perfect cruciform spiculum. 

Spiculated cylindro-cruciform (Plate XXXVI. fig. 38 ). — From Hyalonema mirabilis , 
Gray. British Museum. This spiculum is from the sheath of the same sponge as 
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the previously described forms ; the ordinary cruciform spiculum being converted into 
an external defensive one by the projection of a spicular ray from its centre. 

Dentato-cylindro-hexradiate (Plate XXXVI. fig. 39). — From a unique and very 
beautiful branching sponge from Nichol Bay, Australia, sent to me by Mr. Georoe 
Clifton, of Frcemantle. The dentation of the radii of these spicula varies considerably 
in form and size ; the number of teeth at the apices of the rays is usually two or three, 
occasionally four, and very rarely five. The spicula are nearly uniform in size, and 
extremely abundant on all parts of the interstitial membranes. 

Exter-sfinulated arcuate (Plate XXXVI. fig. 40). — From a small massive sponge 
from the Bahamas, presented to me by my friend Mr. M°Andrew. They are very 
abundantly dispersed over all parts of the interstitial membranes, are uniform in size, 
and vary to some extent in the degree of spinulation. In Part I. of this paper I 
described and figured a minute spiculum of the same arcuate form (Phil. Trans. 1858, 
p. 322, Plate XXVI. fig. 51). I was not aware at that time from what part of the 
sponge it had been obtained. I have since found the same form abundantly dispersed 
on the interstitial membranes of a new species of sponge from Frcemantle, sent to me 
by my friend Mr. George Clifton. 

Sfintlo-milti furcate ii exr adi ate stellate (Plate XXXVI. fig. 41). — This beautiful 
spiculum forms a connecting link between the spinulo-quadrifurcate hexradiate stellate 
fdrm and the fioricomo-stellatc one, described and figured in the first part of this 
paper (Phil. Trans. 1858, p. 312, Plate XXVI. figs. 2, 3, 4). A careful examination 
of the specimen presents indications of there having been as many as eight secondary 
radii at the termination of the primary ray which exhibits the greatest number of 
secondary ones in the figure ; and it is probable that this was the full complement of 
those parts. 

Mijltiangulated cylindrical (Plate XXXVI. fig. 42). — From a sponge in the British 
Museum. This spiculum had been accidentally included in the sponge. It is distinctly 
different from one of the same form described and figured in the first part of this paper, 
Phil. Trans. 1858, p. 314, Plate XXVI. fig. 10. It most probably belongs to the 
sarcode of a Geodia. 

Sfinulo-multiangulated cylindrical (Plate XXXVI. fig. 43). — Found among the 
extraneous spicula of the same sponge as the spiculum represented by fig. 42. This 
sponge is one of the Johnstonian Collection. It is designated Ilalichondria sanguined , 
and its register is 47, 9, 7, 19. 

Inflato-acerate, with inscissurate terminations (Plate XXXVI. fig. 44). — From 
Hymerajphia verticillata , Bowerbank, MS. A new species of British sponge from the 
Western Coast of Ireland. A terminal portion only of this spiculum is represented by 
the figure, the inscissurate character being the only novelty in the form. The inscissu- 
ration varies in degree to a considerable extent in different spicula, in some cases being 
very slightly produced, in others rather beyond that represented by fig. 44. The rudi- 
ments of a third ray are sometimes apparent. This form is an auxiliary skeleton- 
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spiculum. They are found thickly clustered around the primary spicula of the skeleton. 
They differ essentially from porrecto-temate spicula in having both ends cleft or radiate, 
which is never the case in any of the temate forms. 


Explanation of PLATE XXXVI. 

Spicula of the Skeleton. 

* 

Fig. 1. Farcimulo-cylindrical, from Spongilla coralloides , Bowerbank, MS., xl08 
linear: page 830. 

Fig. 2. Inequi-acerate vermiculoid, from Hymeraphia vermiculata y Bowerbank, MS., 
Xl75 linear: page 830. 

Fig. 3. Nodulated cylindrical vermiculoid, x 175 linear: page 830. 

Fig. 4. Elongo-equiangulated triradiate, from Grantia striatula , Bowerbank, MS., 
♦ X 108 linear : page 830. 

Fig. 5. Exflected elongo-equiangulated triradiate, from Grantia striatula , Bower- 
bank, MS., xl08 linear: page 830. 

Fig. G. Doliolate cylindrical, Xl75 linear: page 830. 

Fig. 7. Bifurcated exfando-ternate, x 108 linear: page 830. 

Fig. 8. Porrecto-ternate, xl08 linear: page 830. 

Fig. 9. Expando-ternate, X 108 linear: page 830. 

Fig. 10. Geniculatf.d expando-ternate, from Tethea Collingsii , Bowerbank, MS., 
Xl08 linear: page 831. 

Fig. 11. Abbreyiato-patento-ternate, x 108 linear : page 831. 

Defensive Spicula. 

Fig. 12. Inflato-fusiformi-acerate, ascendingly nEMi*sriNOUS, x 108 linear: page 831. 
Fig. 13. Verticillately spined cylindrical, xGGG linear: page 831. 

Fig. 14. Sub-attenuato, entirely spined cylindrical, x 400 linear : page 831. 

Fig. 15. Spiculated inequi-angulated triradiate, with cylindrical entirely spined 
radii, x308 linear: page 831. 

Fig. 16. Spiculated attenuato-equiangular triradiate, verticillately spined, X666 
linear: page 831. 

Fig. 17. ' Spiculated cylindro-equiangular triradiate, verticillately spined, x666 
linear: page 831. 

Figs. 18 & 19. Inequi-furcato-triradiate, x183 linear : page 831. 

Fig. 20. Elongo-recurvate dentato-birotulate, x 308 linear : page 832. 

Fig. 21. Elongo-recurvate dentato-birotulate, x 308 linear : page 832. 

Fig. 22. Recurvo-acutely dentate birotulate, x 308 linear : page 832. 

Fig. 23. Recurvo-dentato-birotulate variety, X 308 linear: page 832 
mdccclxii. 5 x 
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Fig. 24. Attenuato-cylindrical, verticillately spined, x 183 linear: page 832. 

Fig. 25. Tlie same form of spiculum as that represented by fig. 24, in an early stage of 
development, xl83 linear: page 832. 

Fig. 26. . Torqueato-bidentate inequi-anchorate, x 308 linear : page 832. 

Fig. 27. Bicalcarate bihamate, X 1250 linear : page 833. 

Fig. 28. Expando-tri dentate equi-anciiorate, x 1250 linear: page 833. 

Fig. 29. Tridentate fimbriated equi •anciiorate, x666 linear: page 833. 

Fig. 30. Quadrihamate, X 1250 linear : page 833. 

Fig. 31. Inequi-trirotulate, x 6G6 linear : page 833. 

Fig. 32. Eccentric trirotulate, x 666 linear : page 833. 

Fig. 33. Eccentric trirotulate, X 666 linear : page 833. 

Fig. 34. Incompletely developed, cylindro-cruciform, entirely spined, Xl75 linear: 
page 833. 

Fig. 35. Cylindro-cruciform, partly developed and entirely spined, x 175 linear: 
page 833. 

Fig. 36. Cylindro-cruciform, apically spined, xl75 linear: page 833. 

Fig. 37. Cylindro-cruciform, entirely spined, x 175 linear: page 833. 

Fig. 38. Spiculated cylindro-cruciform, Xl75 linear: page 833. 

Fig. 39. Dentato-cylindro-iiexradiate, x 666 linear : page 834. 

Fig. 40. Exter-spinulated arcuate, X 1250 linear: page 834. 

Fig. 41. Spinulo-multifurcate iiexradiate stellate, x66G linear: page 834. 

Fig. 42. Multiangulated cylindrical, x 400 linear : page 834. 

Fig. 43. Spinulo-multiangulated cylindrical, x666 linear: page 834. 

Fig. 44. Inflato-acerate, with incissurate terminations, x 666 linear : page 834. 
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XXXIII. On the Oxidation and Disoxidation effected by the Alkaline Peroxides, 
j By B. C. Brodie, F.JR.S., Professor of Chemistry in the University of Oxford. 

Beceived June 19, — Bead June 19, 1862. 

In a forftier paper* I communicated to the Royal Society the results of an inquiry as to 
the cause of the mutual decomposition which takes place between the alkaline peroxides 
and the oxides of the less electro-positive metals. This decomposition, the first instance 
of which was discovered by TiiEnard in the case of the peroxide of hydrogen, had been 
regarded as of an exceptional and abnormal character, and as such had attracted the 
attention of chemists and been accounted for by several hypotheses. 

These explanations, which attempted to show that the phenomena were caused by 
the repulsion of particles similarly electrified or were the consequence of the laws of 
mechanical vibration, assumed their abnormal character, and tended to isolate them 
from other chemical changes, rather than to comprehend them under the same laws. 

In the paper referred to I ventured to suggest that this mode of viewing these decom- 
positions was erroneous, that the phenomena were of a normal character, and were 
to be regarded as a particular case of those general laws under which all chemical 
changes arc included. On the views there developed, every chemical change is con- 
sidered as determined ^by the mutual attraction of particles, or groups of particles, in 
opposite polar conditions. No d priori presumption can be raised that certain particles 
are susceptible of this polarization, and others not; this point can be determined by 
experiment alone : and I brought forward several examples, the applicability of which 
is now very generally admitted, in illustration of the point that the elemental bodies, at 
the moment of chemical change, exhibit the same phenomena of polarization and are 
subject to the same laws of diaeresis and synthesis as all other chemical substances. On 
these ideas, as we regard the weight of two volumes of oxygen, that is to say the weight of 
a molecule of oxygen, 0 2 , as differing from the weight of two volumes, that is, the weight 
of a molecule of water, H 2 O, in the fact that this weight contains 16 parts of oxygen in 
the place of 2 of hydrogen, so do we regard the event of the synthesis or diaeresis of' 
oxygen as differing from the event of the synthesis or diaeresis of water, in the fact that 
in the one change the two atoms of oxygen fulfil the same functions, and are respectively 
in the same polar conditions as the two atoms of hydrogen and the one atom of oxygen 
in the other. 

This theory is of a purely relative character ; it is connected with no special hypo- 
thesis as to the nature of oxygen or water, but it states that, if we make a certain 

• * See Philosophical Transactions, 1850, Part II. p. 759. 
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ssertion as to the molecular nature of water, we must, in consistency, make certain 
parallel assertions as to the molecular nature of oxygen. Our molecular hypotheses 
may change, but this relation will still remain. 

Views as to the polarization of oxygen, and the cause of the decompositions effected 
by the alkaline peroxides, which to a great extent are identical with the preceding, 
and in which the same language and the same notation are employed, have recently 
been put forward* with considerable pretension, as new and originating with himself, by 
SchOnbein, Professor of Chemistry at Basle*. This chemist can scarcely be aware of 
the memoir referred to, as in his numerous publications he makes no allusion to it. A 
reclamation of a priority of ten years ought not to be required, but I am compelled to 
call the attention of chemists to these circumstances in order that I myself may not 
be considered to appropriate without acknowledgment the ideas and discoveries of 
another. 

The decomposition of the alkaline peroxides by the oxide of silver and other similar 
bodies is complicated by the circumstance that not only is the peroxide decomposed by 
the metallic oxide, but the reduced silver, which is a necessary product of the action, 
and also probably the oxide of silver itself is capable of decomposing the peroxide by 
that continuous form of action which is spoken of as Catalytic. This interferes with 
the result ; the amount of oxygen evolved depends upon the relative velocity with which 
these two forms of decomposition occur; and while the reduction in equal atomic pro- 
portions is never exceeded, and by certain modifications of the experiment may be very 
closely approximated to, it yet is never absolutely realized, for the catalytic action 
cannot be entirely eliminated. So that the total loss of oxygen from the oxide of silver 
in the experiment represents the relation which subsists between these two forms of 
decomposition, simultaneously occurring, and varies between the limits of the infinite, 
or catalytic action on the one hand, and the reduction in atomic proportions on the 
other. 

That this is the true account of the phenomena is seen from the fact that, where these 
disturbing causes do not exist, the decomposition takes place in simple atomic propor- 
tions. This was shown to be the case in the decomposition of the peroxide of barium 
by iodine in the presence of water. The final result of this action is expressed by the ’ 
equation 

I 2 -f* Ba 2 O 2 — 2BaI -}- Op 

It may be considered as taking place by the decomposition and re-formation of water, 
according to the two equations, 

I 2 + Ba^ 0 2 + H 2 O = 2HI +Ba 2 0 + 0 2 , 

2HI + Ba 2 O = 2BaI + H 2 O. 

* See Annalen dcr Chemie, vol. cviii. p. 157, Scuoxbeik, “ Ueber die gegenseitige Katalyse einer Reihe 
Ton Oxyden, Superoxyden und Sauerstoffsauren, Ac.” Also see Phil. Mag. 8. 4. vol. xyi* p. 178, " Further 
Observations on the Allotropic Modifications of Oxygen, Ac.” • 
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The parallel character of this reaction to that of the reduction of the metallic oxide is 
sufficiently evident. Nevertheless it was desirable absolutely to realize the normal 
'change in the case of the oxide itself, and to discover a case in which the catalytic 
action should be eliminated. 

In the paper referred to I gave several examples of the decomposition of the alkaline 
peroxides, effected by the action of oxidizing substances in aqueous solution — such, 
for example, as the decomposition of the peroxide of hydrogen by chlorine and by 
permanganic acid, and of the peroxide of barium by the alkaline hypochlorites and by 
a solution of ferricyanide of potassium. These reactions are free from the complicating 
circumstances before mentioned. The present paper contains an investigation of several 
of these decompositions ; it will be seen that they follow the normal law of chemical 
action, that is, the two substances which enter into the change are decomposed in a simple 
atomic ratio, and that these decompositions differ from other chemical changes in no 
single respect, and need, to account for them, no special hypothesis. 

The experiment discovered by Bareeswil, of the reduction of the peroxide of 
hydrogen by Chromic acid, presents points of special interest. We have in this case 
an action varying with the proportion present of the decomposing substances, and 
apparently of an abnormal character, which, however, is sho wn by accurate investigation 
to be subject to the atomic law, and to be capable of being broken up into two simple 
reactions. 

From the effects of reduction I proceed to consider the effects of oxidation produced 
by the alkaline peroxides, which are of considerable theoretical importance. Certain 
theories have been formed as to the different nature of the oxygen in the different classes 
of peroxides, based on a supposed difference in the properties of this oxygen. It will 
be shown that the difference of properties, to account for which these hypotheses have 
been invented, does not exist, and that, by suitable modification of the circumstances 
of the experiment, the results of oxidation produced by the peroxide of manganese may 
equally be realized by the peroxide of barium. 

Lastly, I shall give some experiments on the catalytic decomposition which this class 
of peroxides undergoes, instituted with the view of discovering the cause of this action, 
and the way in which these phenomena are connected with the ascertained properties 
of the peroxides. This form of decomposition I believe to be the consequence of that 
double function of oxidation and reduction which is peculiar to this group of sub- 
stances. 


In the experiments which follow, which were made by means of standard solutions, 
the amount of solution employed was measured by the aid of a series of carefully cali- 
brated pipettes, which were so arranged that the capacity of each was an exact multiple 
of the capacity of the smallest pipette. The capacity of this pipette, which I shall 
designate as P, was equal to 4’55 cub. centims. The other pipettes are designated as 2 P, 
3 P, ... 10 P, &c. 


5 y 2 
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The burette employed for titration with permanganate was provided with a glass 
stopcock ; it was etched and calibrated in the same manner as a tube for gas-analysis. 
The readings were made with a telescope. ' 

The peroxide of barium employed was prepared by precipitation, according to a method 
elsewhere described. It was free from all impurities, except a trace of carbonate. 
When a solution of peroxide of hydrogen is spoken of, it is to be understood as the 
solution of this peroxide of barium in dilute hydrochloric acid. 

The solutions of peroxide of sodium were prepared by digestion of the moist and 
freshly-precipitated hydrate of the peroxide of barium with carbonate of sodium, and 
filtration from the carbonate of barium formed, or, in some cases, by precipitation of 
the solution of peroxide of barium in hydrochloric acid by carbonate of sodium, and 
filtration. 

In the numerous experiments and calculations which have been made in the course 
of the following investigation, and of which a small part only is here recorded, I have 
been much indebted to the skill and care of my assistant, Mr. F. Sciiickendanz. 

1. Decomposition of a Solution of Peroxide of Hydrogen by Permanganic Acid. 

When a solution of permanganate of potassium is mixed with an acid solution of the 
peroxide of hydrogen, a decomposition of both substances ensues, oxygen gas is evolved, 
and a colourless solution formed containing a protosalt of manganese. 

The proportion in which the substances are decomposed in this reaction was deter- 
mined in the following manner. 

A portion of pure peroxide of barium was dissolved in very dilute hydrochloric 
acid ; a measured quantity of this solution was decomposed by hydriodic acid, and the 
amount of iodine formed estimated with sulphurous acid, according to the method of 
Bunsen. 

A measured amount of the solution of permanganate of potassium was decomposed 
by hydriodic acid, and the iodine formed estimated by the same method. 

A measured amount of the solution of peroxide of hydrogen was decomposed by the 
solution of permanganate, which was added from the burette until the solution was 
faintly coloured. 

Now, if s be the parts of the standard iodine solution required for the decomposition 
of 1 cub. centim. of the solution of peroxide of hydrogen, and if s, be the parts of the 
iodine solution required for the decomposition of 1 cub. centim. of the solution of per- 
manganate of potassium, where s and d, are determined according to the usual formula 


and if m be the parts of the solution of peroxide of hydrogen decomposed by the per- 
manganic acid, and m, be the parts of the solution of permanganate required to effect 
their decomposition, and if x be the ratio of the amount of oxygen evolved from the per- 
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oxide of hydrogen to the amount of oxygen evolved from the permanganate, then 


#= 


ms 

m i s i 


whence 


whence 


II. 


Two distinct series of experiments gave the following results : — 

I. 5 =141145, 5, =14-127, 

m= 4-91, m l = 4*9025; 

#=1-0007. 

s =35-945, 5 , =14-8, 

m= 4*91, m,=lT919; 

#=0-9945. 

This experiment affords a simple and accurate method of determining by titration 
with a solution of permanganate the absolute amount of oxygen in a solution of the 
peroxide of hydrogen. 

If e be the amount of oxygen contained in 1 cub. centim. of the permanganate, and 

y the amount of oxygen in 1 cub. centim. of the peroxide, then 

• m x 

y— -i e. 

J m 

In the former of the above experiments 1 cub. centim. of the iodine solution contained 
0*00243 grm. of iodine, which are equivalent to 0-00017905 grm. of oxygen. 

Hence 

The oxygen in 1 cub. centim. of permanganate, as determined with iodine, 
=0-000517 grm. ; 

The oxygen in 1 cub. centim. of peroxide of hydrogen, as determined with 
iodine, =0*0005147 grm. ; 

and 

The oxygen in 1 cub. centim. of peroxide of hydrogen, as determined with per- 
manganate, =0-0005144 grm. 

The above experiments prove that in this decomposition the decomposing substances 
evolve equal quantities of oxygen*; the final result of the change may be thus stated, 

4HC1 + H 2 Mn 4 0 8 + 5II 2 0 2 =4Mn Cl + 8II 2 O + 5 0 2 . 

I have varied this experiment in many ways, by adding the peroxide of hydrogen to the 
permanganate, and by taking the solutions excessively dilute and excessively concentrated, 
with the view of eliciting a variation in the reaction, but have constantly obtained one and 
the same result. Although the above equation expresses accurately the final result of 
the decomposition, we are not to believe that the five molecules of oxygen are at once 
eliminated, but rather that the substance passes through five successive stages of disoxi- 
dation, very rapidly succeeding one another. If to an excess of an alkaline solution of 
permanganate an alkaline solution of the peroxide of sodium be added, oxygen is evolved, 
the solution still remains clear, but becomes of the characteristic green colour of the 

* This, reaction has also been investigated by Aschoff with the same result. — Repertoire de Chimie 
pure, vol. iii. p. 296. 
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manganate of potassium. On the addition of a further portion of the alkaline peroxide, 
oxygen is again evolved, the solution becomes colourless, and hydrated peroxide of 
manganese is precipitated. If this precipitate be added to an acid solution of the 
peroxide of hydrogen, oxygen is again evolved, both the peroxides are destroyed, and a 
solution is formed of a protosalt of manganese, showing the successive formation and 
reduction of each of the oxides before the final result is attained. 

2. Decomposition of a Solution of Peroxide of Hydrogen by Ferricyanide of Potassium. 

When an acid solution of the peroxide of hydrogen is fnixed with an acid solution of 
ferrocyanide of potassium, an oxidation takes place, and the ferrocyanide passes into 
ferricyanide of potassium. This action requires time, and takes place with extreme 
slowness in dilute solutions. 

If, on the other hand, an alkaline peroxide be mixed with an alkaline or neutral 
solution of ferricyanide of potassium, the reverse action takes place, oxygen gas is 
evolved, and the ferricyanide passes into the ferrocyanide of potassium. 

The proportion in which the substances are decomposed in this reaction was thus 
determined. 

A solution was made of ferricyanide of potassium, of which the value in terms of a 
standard solution of permanganate of potassium was ascertained as follows. A measured 
amount of the solution was converted to ferrocyanide by adding to it a great excess of 
recently precipitated hydrated peroxide of barium, the solution was boiled until the 
excess of peroxide of barium was completely decomposed, and the amount of ferrocyanide 
formed was determined by means of the standard solution of permanganate*. 

A measured amount of a solution of peroxide of hydrogen, the value of which had 
been estimated by the process before described in terms of the same solution of per- 
manganate, was precipitated by an excess of baryta water. To this a measured amount 
of the solution of ferricyanide was gradually added by means of a pipette. After the 
experiment, the solution was diluted with water and acidulated. The excess of per- 
oxide and the ferrocyanide present was determined by means of the same solution of 
permanganate. 

It is evident that the subsequent addition of permanganate would effect two results, — 
the decomposition of the excess of peroxide, and the reconversion of the ferrocyanide 
formed to the condition of ferricyanide. 

Since in an acid solution the ferrocyanide is oxidized by the peroxide of hydrogen to 
ferricyanide, a portion of the ferrocyanide reduced will have undergone that conversion, 
and an equivalent portion of the peroxide of hydrogen will have disappeared. 

Now, putting 3= the parts of permanganate solution equivalent to 1 part of the solu- 
tion of peroxide of hydrogen employed, and Sjssthe parts of permanganate solution 
. equivalent to 1 part of the solution of ferricyanide employed, 

* This affords an excellent method for the estimation of ferricyanide of potwinm 
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and patting m=t he parts of the solution of peroxide of hydrogen, and w^the parts 
of the solution of ferricy&nide respectively decomposed, 

* and if J=the ratio of the oxygen evolved from the peroxide of hydrogen to the oxygen 
evolved from the solution of ferricyanide, then 

ms 

x = — -• 

The value of ms is thus given : — 

Putting n = the parts’ of the solution of peroxide of hydrogen employed in the experi- 
ment, and p=the parts of the solution of permanganate required after the termination 
of the reaction, 

ms =ns —p -}- m ) s l , 

whence 


In the second of the following experiments the ferricyanide was taken in excess. The 
experiment was conducted as before, with the exception that the solution of peroxide of 
hydrogen, having been rendered nearly neutral, was dropped from the pipette into the 
solutiofl of ferricyanide. The whole of the peroxide is decomposed, in which case 

n=m, m,s t =p, 

and 

I. s=l-06, 

w=10, 

II. 5=0-76, 

n=m= 10, 

#= 1 - 0000 . 

I have varied the form of these experiments in many ways without producing any 
variation in the resulting value of x. 

The final result of this decomposition is given in the equation 

2 (K 3 Fe 2 Cy 6 )+Ba 2 0 2 =2 (K 3 Ba Fe 2 Cy 6 )-f-O g . 

3. Decomposition of a Solution of Peroxide of Hydrogen by Hypochlorite of Barium. 

When peroxide of barium is mixed with a solution of an alkaline hypochlorite, oxygen 
gas is evolved, and both substances are decomposed. 

The following experiments were made with the hypochlorite of barium. It was pre- 
pared f>y leading chlorine through a solution of hydrate of barium to complete saturation, 
the excess of chlorine being afterwards expelled by a current of air. 

The amount of hypochlorite of barium present in the solution was estimated by 
decomposing the solution with hydriodic acid, according to the method of Bunsen. 



wi!=10, ^=10-6, 

#=T0000. 

P— 7-6, 
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The value of the solution- of peroxide of hydrogen was estimated, as before, with per* 
manganic acid. 

When the peroxide of hydrogen was taken in excess, a measured amount of the solu-' 
tion was precipitated by a solution of hydrate of barium. To this a measured amount 
of the solution of hypochlorite was added by a pipette. After the decomposition, the 
excess of peroxide of barium was estimated by determination with permanganic acid, 
the solution being first diluted and rendered acid. 

When the hypochlorite was taken in excess, a measured amount of the solution was 
rendered strongly alkaline with baryta water, and the measured amount of the solution 
of peroxide of hydrogen added to this by means of a pipette. The excess of hypochlorite 
present after the decomposition was estimated by the iodine method. 

In the former case, putting 

s=the parts of permanganate required to effect the decomposition of 1 part of the 
peroxide of hydrogen employed, 

s^the parts of permanganate equivalent to 1 part of the solution of hypochlorite of 
barium employed, as calculated from the determination with iodine, 

m = the parts of the solution of peroxide decomposed, 

wq = the parts of the solution of hypochlorite decomposed, 

#=the ratio of the amount of oxygen evolved from the peroxide of hydrogen to that 
evolved from the hypochlorite, 

. ms 


where, putting w=the parts of the solution of peroxide employed in the experiment, 
and jp=the parts of permanganate required to decompose the excess of peroxide after 
the decomposition, 


and 




cc= 


ns — p 

m i 8 i ' 


In the second case, where the hypochlorite was taken in excess, let 
s= the parts of the standard iodine solution equivalent to 1 part of the solution of 
peroxide of hydrogen ; 

Sjssthe parts of the same solution equivalent to 1 part of the solution of hypochlorite ; 
m=the parts of the solution of peroxide employed in the experiment; 

Wj=the parts of the solution of hypochlorite decomposed ; 

then, as before, 

ms 

CC— > 

m 1*1 

where, putting »j=the parts of hypochlorite employed in the experiment, and ^,= the 
parts of the iodine solution equivalent to the excess of hypochlorite present, as deter- 
mined by experiment, 

m l 3 i =n l s l —p v 
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and 


ms 

X— - 

I. Peroxide of barium in excess. 

(1) 71=20, 772j = 10, 

«=1015, 5|=1*113, 

7725=725 — ^7 = 2 O' 3 — 9'2 = 11'1, 

#=0-997. 


(2) 71=2," t?i 1 =2, 

5=4-905, 5 l =0-9314, 

ms— ns — 1-846, 

#=0-99. 


^>=9*2, 


Two expts. 
r7-Q93iMcan. 

|7 9^) 7>964j 
(8005) 


II. Hypochlorite of barium in excess. 

771=10, 72j = 20, 

5=3-0126, 5 1 =3-124, 


Pi 


7-32-25) Mean. 

= L 4 Z 32 ' 326 ’ 


771^! = 30*155, 

#=0-999. 

v. 

The final result, therefore, of the decomposition is in both cases expressed by the 
equation 

Ba CIO + Ba 2 0 2 = Ba Cl -f- Ba 2 O -f- 0 2 . 

I have ascertained by similar experiments that an equivalent of chlorine in aqueous 
solution decomposes an equivalent of the peroxide of hydrogen, according to the 
equation 

Cl 2 + II 2 0 2 = 2IICl + 0 2 . 


Decomposition of Chromic Acid by Peroxide of Hydrogen. 

The previous reactions are of a normal character. The peroxide of hydrogen and the 
permanganic acid or alkaline hypochlorite are simultaneously decomposed in simple atomic 
proportions, and the formation of the oxygen evolved is subject to the general law of 
atomic combination. The decomposition of the peroxide of hydrogen by chromic acid 
has a character apparently exceptional, and it is only by an attentive study of the 
reaction that it is seen to be of the same class as the preceding. 

Barreswil made the interesting observation that chromic acid in an acid solution is 
oxidized by the peroxide of hydrogen, and an evanescent blue compound formed, which 
is rapidly decomposed with the formation of sesquioxide of chromium and the evolution 
of oxygen gas. The nature of this compound is unknown. Barreswil, indeed, con- 
sidered that he had given reasons for believing it to be the chromic compound corre- 
sponding to permanganic acid. But he was unacquainted with the peculiar features of 
the reaction. 

6 z 


MDCCCLXII. 
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Having ascertained, by preliminary experiments which it is unnecessary to detail, that 
the quantity of peroxide of hydrogen decomposed by the same quantity of chromic acid 
was variable in amount, and depended upon the proportion in which the two substances 
were present, I instituted a series of experiments with the view of determining the 
law of this action. 

The absolute amount of the solution of peroxide of hydrogen employed in each experi- 
ment was the same, namely 20 P., or very nearly 100 cub. centims. This solution was made 
up of three parts; of a standard solution of peroxide of hydrogen, of dilute hydrochloric 
acid,, and of water. It is readily seen how, by means of the system of calibrated pipettes 
before mentioned, the bulk of this solution could be kept constant, while the amount of 
peroxide of hydrogen contained in it could be caused to vary. The hydrochloric acid 
employed was excessively dilute, and the same quantity of acid was used in each experi- 
ment. I ascertained, however, that the absolute amount of hydrochloric acid used had, 
within considerable limits, no appreciable influence on the reaction. Into this solution, 
which was contained in a small flask and kept in a state of rapid agitation during the 
experiment, the solution of chromic acid was allowed to run freely from the pipette in 
which it was measured. After the first rapid evolution of oxygen had ceased, and the 
blue colour had disappeared, the solution was allowed to remain forlG or 18 hours, and 
the excess of peroxide of hydrogen was then determined in the manner to be described. 
In dilute solutions a very considerable time is required for the completion of the reaction. 

When the chromic acid was in excess, the experiment was conducted in a precisely 
similar way, the solution of chromic acid being brought to the standard bulk of 20 P. 
The result was absolutely the same, whether the peroxide of hydrogen was gradually 
dropped into the chromic acid, or allowed to run freely from the pipette. On the effects 
of dilution and temperature I am not yet able to speak with precision ; but the solution 
may at any rate be considerably diluted (for example, mixed with an equal bulk of water) 
with no appreciable variation in the results. 

The value of the solutions of peroxide of hydrogen and of chromic acid employed, 
was determined by means of the same standard iodine solution and the excess present ; 
after the decomposition, of the peroxide of hydrogen or of chromic acid*, was also 
estimated in the same manner. 

Now, putting 

s=the parts of the iodine solution equivalent to 1 part of the solution of peroxide of 
hydrogen employed ; 

s^the parts of the same solution equivalent to 1 part of the solution of chromic acid 
employed ; 

* Chromic acid cannot be accurately estimated by this method if the solution be very dilute. In strong 
solutions' the error is inappreciable, as I havo ascertained by direct experiment. Similar difficulties occur 
if it bo attempted to estimate directly a solution of peroxide of hydrogen by a standard solution of 
sulphurous 'acid. To ensure an accurate result, the peroxide of hydrogen must be first decomposed by 
hydriodic acid, and the iodine formed estimated by sulphurous acid. 
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m=the parts of the solution of peroxide of hydrogen decomposed in the experiment; 
»t|=the parts of the solution of chromic acid decomposed in the same experiment; 
#=the ratio of. the oxygen evolved from the peroxide .of hydrogen to the oxygen 
evolved from the chromic acid in the same experiment ; 
then 

ms 

X— • 

m,s, 

Also, putting 

. n=the parts of the solution of peroxide of hydrogen employed in the experiment ; 
Wj=the parts of the solution of chromic acid employed in the same experiment; 
r=the ratio of the oxygen contained in the peroxide of hydrogen to the oxygen con- 
tained in the chromic acid employed in the experiment ; 

then r——' 

n,s, 


This ratio I shall term the ratio of mass. 

Further, putting 

^)=the parts of the iodine solution equivalent to the excess of peroxide of hydrogen 
after the completion of the decomposition ; 

p x = the parts of the iodine solution* equivalent to the excess of chromic acid after 
the completion of the experiment, as determined by the formula p—nt—t x ; 


then 


ms ns—p 
m,s, n,s ,— Pi 


where either^) or^,=0, according as the chromic acid or peroxide of hydrogen is in 
excess. 

And if y be the ratio of the difference of the amount of oxygen contained in the per- 
oxide of hydrogen and the amount of oxygen contained in the chromic acid employed, 
to the amount of oxygen evolved from the chromic acid decomposed, then 




ns— 

Wi-Pi 


"1 *1 

» i*i “lb 


(r- 1). 


So long as the chromic acid is not in defect, the whole of it being decomposed, 
y=r — 1. If the oxygen in the peroxide of hydrogen be equal to that in the chromic 
acid employed, y— 0 ; if this oxygen be greater in amount than that in the chromic acid, 
y is positive, if less, y is negative. 

Also , 

x ns —p 
y~ns—n l s l ' 

The numerator of this fraction represents the number of atoms of oxygen evolved 


* In these experiments a proportionate part of the solution was titred after the completion of the 
reaction, and the values of p and p x calculated. In strong solutions the error, from this cause, is accumu- 
lated and may become considerable. To this may be attributed the deviation from the mean in experiments 
1, 8, and 4 of the following Table. 


5 z 2 
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from the peroxide of hydrogen ; and the denominator the difference of the number of 
atoms of oxygen contained in the peroxide of hydrogen, and the number of atoms of 
oxygen contained in the chromic acid employed in the experiment. - 
Also if x x be the ratio of the total amount of oxygen evolved from the solution, to 
that evolved from the chromic acid, 


x x 


_ ns + njs, -p+px 


The proportion of the oxygen evolved to the whole oxygen taken in the experiment . 


_ 1 _ P+ Pi 

ns + n i s i* 

The annexed Table contains the numerical results of the experiments, and the calcu- 
lated values of r, x , and y. 


Table of Experiments on the Decomposition of Chromic Acid 
by Peroxide of Hydrogen. 



a. 

s r 

l »• 

1 

»<• 

P- 

Pv 


a. 

a,. 

n . 

n v 

P • 

Pv 

]. 

|l7‘713 51*426 

2 P 

10 P 

0 

477*31 

22. 

18*383 

7*413 



28*841 


2. 









• • • 

478*50 

23. 



6 P 

4 P 

60*014 


3. 

16*831 

17*032 

2 P 

18 P 


276*05 

24. 

17*007 

6*981 




53*708 


4. 






276*60 

25. 

17*594 

7*ioo 



57*1 14 


5. 



2 P 

16 P 


240*23 

26. 

17*082 

6*981 

8 P 

4 P 

86*248 


6. 






239*69 

27. 

17*007 




85*760 

• If 

7. 



2 P 

12 P 


171*92 

28. 





86*584 

• • • 

8. 






171*92 

29. 




10 P 

4 P 

116*6)6 

• M 

9. 



2 P 

8 P 


103*60 

30. 

17*23 




119*02 


10. 






103*99 

31. 

18*383 

7-413 



127*23 


11. 



2 P 

6 P 


69*62 

32. 

17*23 

6*981 

12 P 

4 P 

149*88 

• • • 

12. 







69*84 

33. j 




1 

151*48 


13. 

17*042 

6*981 

2 P 

12 P 


50*26 

34. ! 

1 7082 

6*981 

14 P 

4 P 

182*57 

• • • 

14. 







60*03 

35. 

18*515 

7*413 




200*24 

• • • 

15. 


| 

2 P 

6 P 


10*72 

36. 





201*04 


16. 


' 




11*22 

37. 




16 P 

4 P 

236*82 

• • • 

17. 

16*305 

7*415 

2 P 

4 P 

2*906 

0 

38. 





236*82 

• • • 

18. 

17*183 

7*023 



0 

• • • 

39. 



18 P 

4 P 

272*91 

• • • 

19.! 

17*082 

6*981 




• • • 

• • • 

40. 





273*31 

• • • 

20. 



4 P 

4 P 

26*213 

• • • 

41. 

35*945 

7*415 

18 P 

4 P 

585 35 

t • • 

21. 

] 

17*153 

7*023 


27*6 56 

... 

42. 


• 



586*60 

• • • 
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From these data we obtain the following values for r, y, and x : — 



r. 

y • 

X. 

Mean value 

oft/. 

Mean value 

of X, 


r. 

y • 

X . 

•Mean value 
ofy . 

Mean value 

of X. 

1 . 

2 . 

0-063 

- 12-65 

0*959 

0*991 


- 12-65 

0-975 

23 . 

24 . 

3*720 

3-648 

2-72 

2-648 

1-696 ) 
1*728 } 

2*691 

1 

1*709 

3. 

4. 

0*110 

- 9*02 

1*103 
1-123 j 


— 9*02 

* 1*113 

25 . 

26 . 

3 - 705 

4 - 888 

2*705 

3-888 

1*703 J 
1*803 ] 



5. 

6. 

0*123 

- 7*34 

1*042 

1*026 j 


- 7*34 

1*038 

27 . 

28 . 

4 864 

3-864 

1*799 > 
1*833 J 

3876 

1-811 

7. 

8. 

0*164 

- 5-25 



1-037 1 
1-037 J 


- 5*25 

1-037 

29 . 

30 . { 

6-08 

6-16 

5-08 

5*16 

1*911 I 
1*905 j . 

5*15 

1*918 

9. 

0-247 

- 3-16 

1-031 


- 3*16 

1*037 

31 .! 

6-20 

5-20 

1-909 J 



10 . 



1 043 J 


32 . I 

7-39 

G-39 

2*034 1 

6-39 

2*000 

11 . 

12 . 

0-329 

- 2*11 

1-033 j 
1*037 


— 2*11 

1035 

33 . j 

34 . 

8*554 

7-554 

1*977 / I 
2-023 ) ! 

13 . 

0*402 

- 1-61 

1*017 1 


- 1-61 

1-014 

35 . 

8*743 

7-74 

1-989 >! 

7-647 

1*992 

14 . 



1*011 

f 

36. 1 



1-962 J 



15 . 

16 . 

0*814 

- 0-25 

1-093 ' 

1-111 j 

> 

- 0-25 

1*103 

37 . ' 

38 . i 

9-993 

8-993 

2-003 1 ! 
2-003 / 

8-993 

2-003 

17 . 

18 . 

1*100 

1*223 

0-10 

0-223 

1-001 
1-223 ] 


0-10 

0*222 

1-001 

1-222 

39 . 

40 . ! 

11-24 

10-24 

2-032 \ 
2-022 J 

10-24 

2-027 

; 

19 . 

20 . 

1-222 

2-444 

0-222 

1*444 

1-222 J 
1-506 i 

> 

41 . ; 

42 . 

21-816 

20-816 

2-079 1 | 
2-043 / j 

20-816 

2*061 

21 . 

2*446 

1-446 

1*462 

> 

1-457 

1-492 




J 1 



22 . 

2-480 

1*480 

1-507 J 







i 

1 


1 


A graphic delineation of the results is given in the curve annexed, Plate XXXVII. 

It will be observed, on inspection of this line, that, so long as the chromic acid is not 
in defect, the two substances lose equal amounts of oxygen, according to the equation 

2 Cr 2 0 3 + 3 II 2 0 2 =Cr, 0 3 + 3 IL> 0+ 3 0 2 ; 

that when the amount of oxygen in the peroxide of hydrogen is greater than that con- 
tained in the chromic acid, more of the peroxide of hydrogen is decomposed, but never 
the whole amount taken, and that the amount decomposed increases with the propor- 
tion taken until the peroxide of hydrogen contains as much as eight and a half times the 
amount of oxygen contained in the chromic acid ; that after this point the decomposition 
becomes constant, the peroxide of hydrogen losing twice the amount of oxygen lost by 
the chromic acid ; and that no further increase in the proportion of the peroxide of hydro- 
gen taken causes this limit to be exceeded, the final result of the change being expressed 
by the equation 

2 Cr 2 0 3 -f- 6 II 2 0 2 = Cr 4 0., -f- 6 II 2 O -f 9 O. 

In what light are we to regard the decomposition between these extreme limits I Are 
we to consider that the two substances are capable of reacting in any proportion, and 
that the simple atomic decomposition is the limit of an indefinite action varying accord- 
ing to the mass ? or are we not rather to believe that this apparently indefinite abtion 
is the sum of certain normal chemical changes which take place in simple atomic ratios, 
but which vary fft absolute amount 1 

The following experiments indicate that the latter hypothesis is correct, and that the 
reaction between the extreme limits is not homogeneous, but consists of two chemical 
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changes which are capable of being separated, from the circumstance that they take 
place with very unequal rapidity. 

A definite period in the decomposition is marked by the disappearance of the blue 
compound. At this point the solution was titred, and the loss of oxygen estimated. 
The progress of the decomposition was followed by means of the same experiment until, 
finally, the maximum loss was attained. I give two series of -experiments, in which the 
substances were taken in different proportions. 


I. 


Time of titration. 

S. 

#j. n. 


p- 

1. After decomposition of] 

17-594 

7 160 4 P 

4P 

41-98 ) 

blue compound . .J 


— 

— 

41-88 J 

2. After ^ an hour . . . 

17183 

7 023 4 P 

4 P 

32-864 

3. After 2 hours . . . 




— 

28-056 

4. After 18 hours . . 




— 

27-656 

These data give the following values for r, 

y, and x: — 



r. 

!/■ 

PC. 

Mean. 


1. 2-47 

1-47 

f 0-997 1 
11-0033/ 

1-001 


2. 2-446 

1-446 

1-277 

1-277 


3. 


1-448 

1-448 


4. 

II. 

1-462 

1-462 


Time of titration. 


#j. n. 

"r 

P- 

1. Immediate .... 

17-594 

7-101 6 P 

4 P 

76-9561 

76-207 J 

2. After 1 hour .... 




«- 

6012 

3. After hour . . . 




— 


4. After 2 days .... 




— 

57114 

Hence we have 





r. 

y- 

X . 

Mean. 


1. 3-705 

2-705 

• 1-007] 
1-033/ 

1-020 


2. 


1-593 

1-593 


3. 


1-593 

1-593 


'* ♦ „ 4. 


1-703 

1-703 


It thus appears that the decomposition takes place in two stages, the former of which 
is complete immediately after the destruction of the blue compound, tnd in which the 

two substances lose equal amounts of oxygen ; while the latter requires several hours 
for its completion, the solution during this time being in a continual state of change. 
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tt is undoubtedly difficult to speak with any great probability as to the nature of the 
specific changes which take place, in regard to which many hypotheses may be formed. 

The following view, however, is in accordance with the facts. 

1. When #=1, we have the formation and subsequent decomposition of the substance 
Cr 4 0 9 , according to the equations 

2Cr 2 0 3 +3H 2 0 2 =Cr 4 0 9 +3H 2 O, 

Cr 4 O y = Cr 4 0 3 +30 2 . 

2. When ,r=2, after the reaction just expressed the substance Cr 4 0 9 is further oxi- 
dized to the oxide Cr 4 O l2 , according to the equation 

Cr 4 0 9 +3H 2 0 2 =Cr 4 0 12 +3II 2 O. 

The body Cr 4 0 12 further decomposes with the excess of peroxide of hydrogen present, 
possibly with the formation of the higher oxide of hydrogen, H 2 0 3 , and the former pro- 
duct, Cr 4 Oy, 

Cr 4 0 12 +3II 2 O 2 =0r 4 Oy+3H 2 0 3 . 

That the product of the first action is in a continual state of formation and decom- 
position during the change, is probable from the greater permanence of the blue com- 
pound when an excess of peroxide of hydrogen is present : the presence of this body, 
which in a small excess of peroxide of hydrogen has only a momentary existence, is 
rendered evident by the duration of the blue colour for as long as ten minutes in the 
presence of an excess of the peroxide. Lastly, the substance Cr 4 0 9 decomposes very 
much more rapidly than the substance II 2 0 3 , i. e. than the other oxidized product ; so 
that the decomposition can be broken up into its several stages in the manner described, 
the chemical changes which take place being represented by the system of equations, 

2(Jr 2 0 3 +3H 2 0 2 = Cr 4 0 9 -f 3H 2 0, 

Cr 4 0 9 + 3H 2 0 2 =: Cr 4 0 12 +3H 2 0, 

Cr 4 0, 2 +3II 2 0 2 = Cr 4 0 9 +3H 2 0 3 , 


Cr 4 0 9 = Cr 4 0 3 +30 2 , 
3H 2 0 3 =3H 2 0 2 +30; 


and the result of these changes, by the equation which results from elimination between 
them, namely, 2 Cr 2 0 3 +GH 2 0 2 =Cr 4 0 3 +6II 2 0+90. 


Since the amount of oxygen is in all probability given off in successive stages, we cannot 
fix with certainty upon any one degree of oxidation as the blue compound ♦. 


* I am unable to reconcile my own results with those of Babheswil, whose experiments appear to have 
been carefully conducted. The reaction according to this chemist is 

2Cr 2 0 3 +II 2 0 2 =Cr 4 0 7 +H 2 0 
Cr 4 0 7 = Cr 4 0 8 + 20 2 , 

the analogue of permanganic acid being formed. I have not, however, repeated the experiment precisely in 
the form in which it was mado by him, and it is possible that under certaiu circumstances the oxidation 
may be arrested at this point. See Annales de Chimie, vol. xx. p. 364. 
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It may be observed that, if the decomposition of permanganic acid were, 'as in this 
case, preceded by an oxidation, the corresponding degree of oxidation would be formed 

thUS: Mn 4 0 7 +5H 2 0 2 =Mn 4 0 12 +5H 2 0, 

Mn 4 0 12 =2Mn 2 0 +50 2 . 

The decomposition of permanganic acid is, in a somewhat strong solution, instanta- 
neous ; but it is remarkable that, if the solution of peroxide of hydrogen be very dilute, 
the addition of the first drops of permanganic acid produce no apparent change. A 
certain time is required for the commencement of the decomposition, after which it 
proceeds with regularity. It may be questioned whether this decomposition also may 
not be effected by successive stages which escape observation, and whether the period 
which intervenes before the commencement of the action may not be occupied in the 
production of those substances by the agency of which the final result is attained, and 
which are successively formed and decomposed. 

On the Oxidation effected by the Peroxide of Hydrogen. 

We have seen that the peroxides of hydrogen, potassium, and barium possess certain 
chemical properties which do not belong to the analogous compounds of lead and man- 
ganese. An elaborate attempt* has been made to account for the different reactions 
of the two classes of peroxides, by the assumption that there are two kinds or varieties of 
oxygen, a positive and a negative variety ; it is said that the peroxide of manganese acts 
as an agent of oxidation because it contains the negative variety, and that the peroxide 
of barium acts as a reducing agent, because it contains the positive variety of this 
clement. This hypothesis finds its only support in an imperfect and incorrect view of 
the facts. In truth no such fundamental distinction exists between the properties of the 
different peroxides as that which it is proposed thus to characterize. The chemical pro- 
perties of the alkaline peroxides, as of other chemical substances, vary with the condi- 
tions in which they arc placed, and the substances with which they arc associated ; and 
it is in our power so to modify these conditions as to produce with these peroxides the 
very same effects of oxidation as are produced by the peroxides of the other group. This 
is evident from the following examples, to which it would be easy to add others: — 

1. An acid solution of peroxide of hydrogen causes the conversion of a solution of 
for rocyanide to ferricyanide of potassium. 

2. An alkaline solution of peroxide of sodium added to a solution of a protosalt of 
manganese forms hydrated peroxide of manganese. 

3. An alkaline solution of peroxide of sodium oxidizes an alkaline solution of sesqui- 
oxide of chromium, with the formation of chromate of potassium. 

4. A strong solution of hydrochloric acid evolves chlorine with peroxide of barium ‘f*. 

* SciroNBEiN, Aniutfcn tier Chcmie, vol. cviii. p. 1GG. 

t Professor ScniiNBEiN lays the greatest stress on the different behaviour of the two classes of peroxides 
with hydrochloric acid. He says, “ Die crate Gruppe ist weiter negativ dadurch charakterisirt dass kein 
ihr angehoriges Superoxyd mit irgend eincr wasBerhaltigen Saure .... Wasserstoffsuperoxyd zu erzeugen 
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That there are important differences in the reaction of the peroxide of barium and the 
peroxide of manganese is not to be denied. But these differences are perfectly con- 
'formable to analogy, and are similar in kind to those which distinguish other chemical 
substances. For experience teaches us that no two chemical substances, however close 
may be the analogies which connect them, have identical chemical properties. Hydro- 
chloric acid has not all the properties of hydriodic acid ; soda has not all the properties 
of potash ; chlorine is not the same as iodine ; and sodium is different to potassium. Is 
it then to be a matter of surprise to us that peroxide of manganese has not all the 
properties of peroxide of hydrogen 1 is this case to have a special explanation 1 and are 
we to refer the different properties of these substances, not to the actual and known 
differences in the elements of which they consist, but to an altogether hypothetical 
and imaginary difference in the oxygen, which is the element common to the two bodies \ 
In each different compound, if such conventional language be admissible, oxygen has 
different properties ; and if wc are to account for this class of differences by the assump- 
tion of different varieties of oxygen, wc must assume not two forms only, but an infinite 
number of forms of that element. Of the precise mode in which the chemical pro- 
perties of the compound are connected with the chemical properties of its constituents, 
we are doubtless unable to give an adequate account. Bu; the fact of this connexion 
is not to be doubted. Wc take the oxygen of the peroxide of sodium, and transfer it 
to the protoxide of manganeses In this new combination it will no longer produce the 
effects of reduction. Again, we transfer the oxygen of the peroxide of barium to 
anhydrous acetic acid, and we form one of the most powerful oxidizing agents with 
which the chemist is acquainted ; while we can re-transfer this oxygen to baryta, 
and restore to it its original properties. It is not the oxygen which is different, but 
the elements differ with which the oxygen is associated. 

The definite manner in which the final result is affected by modifying the conditions 
of the reaction, is rendered evident by the following series of experiments. 

Peroxide of barium, treated with a concentrated solution of hydrochloric acid, evolves 
chlorine : with a dilute solution of hydrochloric acid, peroxide of hydrogen alone is 
formed. It was therefore probable that with hydrochloric acid of a certain degree of 
concentration both reactions would simultaneously occur. This is the case, and the ratio 
in which the two reactions occur varies with the concentration of the hydrochloric acid, 
according to a definite law. 

A weighed quantity of peroxide of barium was placed in a small flask, to which a de- 
livery tube could be attached by means of a caoutchouc connector. The hydrochloric 
acid was poured cold upon the peroxide, the delivery tube attached, and the mixture 


vermag, und die zwgite Gruppe dadurch, dass keines ihrer Superoxyde unter irgend welchen Umstanden 
aus dor Salzsaure oder irgend eincm salzsaurcn Salzo Chlor zu entbinden im Stande ist.” — Annaleu dor 
Chemie, vol. cviii. p. 167. This sweeping statement, in regard to which the truth could have been so readily 
ascertained, is quite without foundation. 
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rapidly boiled. The gas evolved was collected over a solution of iodide of potassium : it 
consisted of a mixture of chlorine and oxygen. The iodine formed was determined by a 
standard iodine solution in the usual manner. The hydrochloric acid was taken in very' 
great excess ; the same absolute amount was used in each experiment, but diluted with 
varying quantities of water. Since a solution of peroxide of hydrogen is decomposed 
on boiling into water and oxygen, we may regard the oxygen evolved as the measure of 
the peroxide of hydrogen formed. 

Now, putting 

a=the iodine contained in 1 cub. centim. of the standard iodine solution, 

6= the quantity of peroxide of barium employed in the experiment, 

Z=the quantity of oxygen equivalent to the chlorine evolved, 
nt — t x with its usual signification, 


then 


„ O x Ba 9 0 9 

L ~ I x 0*2929 




In each of the following experiments 25 cub. centims. of concentrated hydrochloric acid 
were taken. The absolute amount of pure hydrochloric acid in this concentrated acid 
was experimentally determined; it amounted to 30*33 per cent. «=0*0029735. 



Further. Let s— the ratio of the amount of water to the amount of pure hydrochloric 
acid in the solution of hydrochloric acid employed ; and when water is saturated with 
hydrochloric acid, let s=l ; s may be termed the ratio of saturation. 

And let d=. the amount of water added in each experiment to every 100 cub. centims. 
of the so}ution of hydrochloric acid employed. 




DISOXIDATION EFFECTED BY THE ALKALINE PEROXIDES. 


855 


Now it is estimated that at ordinary temperatures 100 parts of water absorb 38 parts 
of hydrochloric acid, while the acid employed was found to contain 30 a 33 per cent. 

* Hence s in each experiment is determined from the proportion 


whence 


loo loo+rf . n 

38 ' 30*33 ' ' 1 ' 5 ’ 

38(lOO + «0 38 .38 x d 

S ~ 100 X 30*33 30*33 ' 3033 


and if y be put =5—1, 


= 1*25+0*0125 xd; 
y=0*25+0*0125xd; 


and, lastly, if x be put = the oxygen equivalent to the chlorine evolved, the total 
oxygen in the peroxide of barium being assumed as 1, we have, assuming 16*02 as the 
total oxygen 

8*01 : 1 : : Z : x, 


whence 


Z 

® 8 * 01 * 


We have from the preceding experiments the following values for d, s, y, and x : — 


Experiment. 

cL 

8. 

y- 

X . 

i. 

0 

0 

1-25 

0*25 

1*000 

ir. 

5 

20 

1-5 

0*50 

1*000 

in. 

6-25 

25 

1*5622 

0*5622 

0*9814 

IV. 

7*5 

30 

1*625 

0*625 

0*9567 

V. 

10 

40 

1*75 

0*750 

0*8263 

VI. 

15 

GO 

2*00 

1*00 

0*5104 

VII. 

20 

80 

2*25 

1*25 

0*2448 

VIII. 

25 

100 

2*50 

1*50 

0*1167 

IX. 

30 

120 

2*75 

1*75 

0*0844 

X. 

35 

140 

3*00 

2*00 

0*0574 

XI. 

40 

160 

3*258 

2*25 

0*0406 

XII. 

50 

200 

3*75 

2*75 | 

0*0246 

XIII. 

GO 

240 

4*25 

3*25 

trace. 


A delineation of the experiments is given in the annexed curve, Plate XXXVIII. 


Catalytic Decompositions. 

It has now been shown that the alkaline peroxides have a double function, and can 
be used as agents either of oxidation or of reduction. By certain modifications of the 
conditions of the experiment, we can produce separately either result. It is not 
unreasonable to suppose that, among the numerous and varied forms of chemical decom- 
position, instances would be found in which these phenomena would occur simul- 
taneously. If this were to be the case, the result would be what is termed a contact (of 
catalytic) decomposition, but caused by two successive changes of a normal chemical 
character. 

That the combination of the oxidizing with the reducing action of the peroxide of 

6 A 2 
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hydrogen is a cause adequate to produce the effects of catalysis, is evident from the fol- 
lowing examples. 

I. We can successively realize the chemical changes of which the result, as regards ‘ 
weight, is expressed by the equations 

MnCl+KIIO=KCl+MnHO, 

II 2 0 2 +2MnlI0=H 2 0+Mn 2 H 2 0 3 , 

H 2 0 2 +Mn 2 H 2 O i} +2 HC1=3II 2 0+2MnCl+0 2 . 

The final result which ensues from the successive performance of these experiments is 
expressed in the following equation, derived by elimination from the preceding, 

2 KHO + 2 IICl + 2 H 2 0 2 = 4 H 2 O + 2 KC1 + 0 2 ; 
which equation is again equivalent to the two equations, 

KH0+HC1=II 2 0+KC1 

and the equation expressive of the catalytic decomposition of the peroxide of hydrogen, 
viz* 

2 H 2 0 2 =2H 2 O + 0 2 . 

II. Again, omitting for the sake of brevity certain circumstances in the reactions, we 
can produce the results expressed by the equations 

3H 2 0 2 +Cr 4 0 3 =3II 2 0+2Cr 2 0 3 , 

2 Cr 2 O, +3 If 2 0 2 =Cr 4 0 3 +3H 2 0+30 2 , 
whence, by elimination, 

2H 2 0 2 =2II 2 0+0 2 . 

III. Also 

2Na 4 Fc 2 Cy 6 +Na 2 0 2 =2Na 2 0+2Nag Fe 2 Cy 6 , 

2 Nag Fe 2 Cy 6 +Na 2 0 2 =2 Na 4 Fe 2 Cy 6 +0 2 , 

whence 

2 Na 2 0 2 = 2 Najj O + 0 2 . 

IV. Again, 

2HC1+H 2 0 2 =2II 2 0+C12, 

Cl 2 +II 2 0 2 =2HCl+0 2 , 

whence 

2H 2 0 2 =2H 2 0+0 2 . 

Exp. I. — 1 P. of an alkaline solution of peroxide of sodium rendered acid and titred, 
required 9*31 cub. centims. of permanganate solution. 

A solution of protochloride of manganese was precipitated by hydrate of sodium, and 
1 P. of the above solution added to it. An equivalent portion of the hydrated protoxide 
was converted into the hydrated peroxide of manganese. 

The solution was immediately rendered acid with sulphuric acid, and 2 P. of the same 
solution added. 
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After the evolution of gas had ceased, the solution was titred. It required 9*31 cub. 
centims. of permanganate solution. 

3 P. of peroxide had been added, and 2 P. decomposed. The manganese was in the 
form of protoxide, as at the commencement of the experiment. 

Exp. II. — To 1 P. of a solution of ferrocyanide of potassium, which required for its 
titration 6*90 cub. centims. of permanganate, was added 1 P. of an acid solution of per- 
oxide of hydrogen, which required for titration 3‘681 cub. centims. of the same solution 
of permanganate. An equivalent portion of ferricyanide of potassium was formed. 

The solution was rendered alkaline, and to it was added 1 P. of an alkaline solution 
of peroxide of sodium, which required for its titration 3 - 33 cub. centims. of the same per- 
manganate solution. 

The solution, rendered acid and titred, required 5'GG cub. centims. of permanganate. 

Therefore a portion of peroxide equivalent to 7*15 of permanganate had disappeared. 

The total peroxide added required 7 - 01 parts of permanganate. 

In these experiments the final is the same as the initial condition of the chemical sub- 
stances, with the single exception that the peroxide of hydrogen is decomposed. If the 
oxidation and reduction which in the preceding examples are separately realized had 
taken place simultaneously and under the same general conditions, no result would 
have appeared but the decomposition of the alkaline peroxide, and the action would 
have been termed a contact action. Now, although in the case of the catalytic decom- 
position of the alkaline peroxide we are undoubtedly not able to specify in each case 
the precise reaction by which the final result is attained, we have yet in several instances 
indications that the decomposition proceeds by successive stages of this kind. 

When an alkaline solution of peroxide of sodium is added to a solution of proto- 
sulphate of manganese, a precipitate is formed of hydrated peroxide of manganese. If, 
however, a few drops of an excessively dilute solution of protosulphate of manganese be 
added to an excess of peroxide of sodium, there is no precipitate, but the solution 
remains clear, becomes brown in colour, and the peroxide undergoes the catalytic 
decomposition. If a great excess of a solution of the peroxide of sodium be added to a 
very small quantity of freshly precipitated hydrated peroxide of manganese, the peroxide 
of manganese dissolves, forming the same clear brown solution. It is thus seen that 
the peroxide of manganese can be further oxidized by the peroxide of sodium, and that 
the product of this oxidation decomposes in solution the peroxide of sodium. 

Again, if a solution of peroxide of sodium be added to an alkaline solution of per- 
manganate, the latter is first reduced to manganate, the solution becoming green : on 
further addition of the peroxide of sodium, the solution becomes of the same clear brown 
colour as that produced by the oxidation of the protoxide. If, however, the peroxide be 
sparingly added, or if permanganate be added to this solution, a precipitation takes place 
of peroxide of manganese. It is the compound which forms this brown solution by the 
agency of which the peroxide of sodium is decomposed ; and it is only when the decom- 
position of the latter is complete, or close upon this point, that the peroxide of manga- 
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nese appears. The solution then becomes turbid, and the brown flocculent peroxide is 
precipitated. 

It appears therefore, (1) that the protoxide of manganese can be oxidized by the per- * 
oxide of sodium to an oxide, forming a clear brown solution ; (2) that permanganic acid 
can be reduced by the peroxide of sodium to the same substance, passing through the 
condition of manganate ; (3) that when the reduction reaches this point, in presence of 
an excess of peroxide the reduction is for a time arrested, and the catalytic decomposi- 
tion commences : during this decomposition the brown compound is permanent ; and 
when the peroxide of sodium is nearly decomposed, the reduction again proceeds and 
peroxide of manganese is formed. 

These phenomena may be thus accounted for. There is a point where the oxidizing 
action concurs with, and as it were meets, the reducing action of the peroxide of 
sodium; and at this point the catalysis takes place. The peroxide of manganese is 
formed; but so long as a sufficient excess of the alkaline peroxide is present, it is 
reoxidized and destroyed as fast as it is produced. By this continuous reduction and 
oxidation the peroxide of sodium is graduallyjdiminatcd. Time is needed for this, as 
for other chemical changes ; but ultimately, when but little peroxide of sodium 
remains, the peroxide of manganese is precipitated, being produced more rapidly than 
it is destroyed. 

There are other examples of the same class of phenomena. When a solution of 
peroxide of sodium is added to absolution of a copper salt (sulphate orchloride of copper), 
at first there is no evolution of oxygen, but a yellowish green precipitate is formed, as 
was observed by ThEnard ; this precipitate may be thrown on a filter, and for a short 
time preserved. If a small portion of this precipitate be added to an alkaline solution 
of peroxide of sodium, bubbles of gas arc evolved, and the peroxide of sodium rapidly 
decomposed. If a solution of peroxide of hydrogen be mixed with a few drops of a 
weak solution of chloride of copper, and the whole precipitated by baryta water, the 
same yellow oxide of copper is formed. The peroxide of barium is gradually decom- 
posed ; but during the decomposition this yellow oxide is permanent, and only ultimately 
is it decomposed into hydrated protoxide. 

If a very small quantity of an ammoniacal solution of protochloride of copper be added 
to an alkaline solution of peroxide of sodium, the solution becomes of a yellow colour, 
and is gradually decomposed. During the whole time of this decomposition, which may 
be caused to extend over several hours, the yellow colour is permanent ; but ultimately, 
when the whole of the peroxide is decomposed, the blue colour of the ammoniacal solu- 
tion of the protoxide reappears. The yellow solution of the peroxide of copper, apart 
from the solution of peroxide of sodium, cannot be preserved for many minutes. The 
singular permanence of this compound during the decomposition is explained on the 
hypothesis, that it is continually reproduced as well as destroyed. In this reaction the 
solution of oxide of copper in potash or ammonia decomposes the alkaline peroxide into 
oxygen and the alkali, precisely as sulphuric acid in the process of etherification effects 
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the decomposition of alcohol into'ether and water. And we may regard the former 
event as determined by a series of alternate and inverse changes, analogous to those to 
•which Williamson has shown the phenomena of^etherification to be due, according to 
the equations 

Cu 2 0 +Na. 2 0 2 =Cu 2 0 2 *+Na 2 O, 

Na 2 0 2 +Cu 2 0 2 ==^a 2 O 

It may be desirable, for the sake of clearness, to resume the points in the preceding 
argument. It appears, (l)that by means of the alkaline peroxides we can produce two 
classes of effects, oxidation and reduction, and this double function is peculiar to this 
group of peroxides. (2) These peroxides are decomposed by the contact of a great 
number of chemical substances, and this form of decomposition is also peculiar to the 
group. (3) The combination of an oxidizing with a reducing action is a cause adequate 
to produce the results of contact decomposition, and we are able, in certain cases, to 
imitate, as it were, the contact action by means of a successive oxidation and reduction. 
(4) There are instances in which we have distinct evidence that the contact decompo- 
sition is accompanied by an oxidation and subsequent reduction of the substance by 
which the action is determined. 

In a matter so difficult to submit to the direct test of experiment, it is undoubtedly 
desirable to offer any view with much reservation ; and it would be altogether premature 
to assert that this is the only form which contact decomposition can assume. Other 
causes may possibly lead to the same result. At the same time every new case which 
can be explained on these principles increases the probability of their more extended 
application, and raises the hope that even these obscure phenomena will ultimately be 
removed from the domain of conjecture and speculation, and be brought under the 
methods of experimental research. 

* Tlio oxide of copper here formed is probably the sesquioxide, which is also procured by tho action of 
alkaline hypochlorites on tho hydrated oxide of copper. The precise nature of this oxide is immaterial to 
the argument. 
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XXXIV. On the Photographic Transparency of various Bodies , and on the Photographic 
Effects of Metallic and other Spectra obtained by means of the Electric Spark. 
By W. A. Miller, M.D . , LL.D ., Treas. & V.P.B.S Professor -of Chemistry in 
King's College, London. 

Received Juno 19, — Read June 19, 1862. 


1. At the Meeting of the British Association held in Manchester last autumn, I exhi- 
bited some photographs of spectra from the electric spark obtained between wires of 
different metals by means of an induction-coil. Upon this occasion a hollow prism filled 
with bisulphide of carbon was employed, because, owing to its great dispersive power, 
it furnished spectra in which the lines under examination were more widely separated 
and exhibited with greater distinctness than by any other medium in ordinary use. 

Plate XXXIX. fig. 30 exhibits a copy of the photograph of the solar spectrum obtained 
by means of a hollow glass prism filled with bisulphide of carbon, contrasted with the 
spectrum obtained through the same prism simultaneously from the spark between 
copper terminals of the secondary coil in the induction apparatus. In this, and in all 
the subsequent figures, the less refrangible end of the spectrum is upon the left-hand 
side of the Plate. 

The great prolongation of the more refrangible portion of the spectrum beyond the 
part visible to the unaided eye, led me to believe that the bisulphide was a material 
which exerted but little absorbent action upon the chemical rays. Subsequent experi- 
ments have, however, convinced me that this opinion was erroneous, and have rendered 
it necessary to modify considerably the conclusions deduced from those experiments. 

2. At the time that that paper was written, I believed that the photographic effects 
produced by the electric spectra of all the metals furnished results in a great degree 
similar to each other, if not actually identical. This, it will be seen from subsequent 
statements, is correct so far as the fact of the similarity in this portion of the spectra is 
concerned, but is erroneous as regards the general conclusion deduced from it. During 
the past winter I have renewed these experiments, substituting a quartz-train for glass 
and bisulphide of carbon, and have chiefly used a fine quartz prism, kindly lent to me by 
my friend Mr. Gassiot. The refracting-angle of this prism is about 60° ; its faces are 
about 2 inches long and If inch broad, and are so cut as to furnish a singly refracted 
beam for the medium rays, by transmitting it along the axis of the crystal. It is well 
known, from the experiments of Prof. Stokes * and M. E. Becquerel, that quartz is remark- 
able for its transparency to both fluorescent and phosphorogenic rays of high refrangibility, 

* Phil. Trans. 1852, p. 540. 
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It was soon evident that the absorbent action of the bisulphide was far greater than I 
had imagined, and that in reality the spectrum which it transmitted was composed of 
rays which did not extend beyond one-tenth or one-twelfth of the entire length of the 
spectrum obtained by the use of a quartz-train *. 

3. The dispersive power of rock-crystal is, however, comparatively low, and the diffi- 
culty of obtaining with it a spectrum free from the effects of double refraction through 
its entire length is great ; so that it appeared to be worth while, as a preliminary inquiry, 
to ascertain whether any singly refracting medium could be procured, better adapted to 
researches of this nature by sufficient permeability to the chemical rays, and by tolerably 
high dispersive power. Although no material on the whole preferable to quartz has 
been found, the investigation gave results of considerable interest. 

4. Before proceeding to detail these results, it will, however, be convenient, as several 
distinct subjects will be discussed in this paper, to state the order in which I propose to 
arrange my remarks, and the heads to which they will be referred. 

I shall commence with 

(1) The absorption of chemical rays by transmission through different media . 

a. By transmission through solids. 

b. By transmission through liquids. 

c. By transmission through gases and vapours. 

(2) The absorption of the chemical rays by reflexion from polished surfaoes. 

(3) The photographic effects of the electric spectra of different metals taken in air , 
including 

a. Pure metals. 

b. Alloys. 

(4) Photographic effects of electric spectra of different metals produced by transmitting 
the sparks through gases other than atmospheric air. 

5. The general results of my experiments upon the absorption of the chemical rays 
are the following : — 

(1) Colourless bodies which possess equal powers of transmitting the luminous rays 
vary greatly in permeability to the chemical rays. 

(2) Tfiactinic solids (that is to say, solids which are permeable to the chemical rays) 
preserve their diactinic power both when liquefied and when converted into vapour. 

(3) Colourless solids which are transparent to light, but which exert a considerable 

* The absorptive power of the bisulphide for the chemical rays was, however, noticed by M. E. Becquerel 
as far back as 1843, as I find by again referring to his paper, Annales de Chitnie, sdr. 3. vol. ix. p. 301. 
In this paper M. Becqueuel describes the absorbent action of various solids and liquids upon the chemical 
rays, but, from having used solar light, he failed to remark the great difference between the absorptive 
powers of quartz and glass. Although he used prisms of rock-salt, rock-crystal, and alum, his results do 
not indicate the real difference in their absorptive po^er ; and as in all his experiments on liquids he employed 
a vessel with flint-glass sides to hold them, his conclusions are vitiated by the same error which affected my 
own earlier inquiries on the subject. 
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absorptive effect upon the chemical rays, preserve their absorptive power with greater or 
less intensity both in the liquid and the gaseous state (21). 

Whether the compound be dissolved in water or be liquefied by heat, these conclu" 
sions are equally true as regards liquids. Water is perfectly permeable to the chemical 
rays ; and this circumstance, conjoined with the fact that in no instance does the process 
of solution seem to interfere with the special action of the substance dissolved upon the 
incident rays, renders it practicable to submit to trial a great number of bodies which 
it would otherwise be impossible to subject to experiments of this nature, owing to the 
extreme difficulty of obtaining them in crystals of sufficient size and limpidity. 

§ 1. ABSORPTION OF THE CHEMICAL RATS, 
a. By transmission through Solids. 

6. The general arrangement of the apparatus employed in this inquiry is represented 
in fig. 1, in which the observer is supposed to be looking down upon the instrument, 
c, c is a camera which allows of a considerable range of adjustment, and is attached to 
a cylindrical box, within which is a prism b, of rock-crystal. At l is a quartz lens of 
1^-inch aperture, and 17^ inches focal length. At one end of the tube t, which can be 



lengthened or shortened by a sliding joint, is a slit s, provided with a screw for regelating 
the width of the opening. This slit is arranged parallel to the axis of the prism, and in 
these experiments was adjusted to a distance of 37 inches from the lens l. The prism is 
placed at about its angle of minimum deviation for the mean ray, and, for facility of 
manipulation, can be turned round upon its own axis by means of the lever a. The angle 
formed between the camera and the tube t also admits of variation as circumstances may 
require. At d is placed the substance the transparency of which is to be tested; and 
at e are the metallic electrodes, which are connected with secondary wires ff of a 10-inch 
induction-coil, not shown in the figure. The wires of the coil terminate in electrodes 
composed of fine silver. The coil was excited by means of a battery consisting of five 

6 b 2 
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elements of Grove’s construction, a condenser being included in the primary circuit, 
whilst a small Leyden jar, exposing about 75 square inches of metallic coating upon 
each of its surfaces, wa^ introduccd into the secondary circuit. In this way a torrent of ' 
sparks could be maintained between the electrodes at e without any sensible variation of 
power, for ten minutes at a time, or longer if necessary. In these experiments, an ex-, 
posure of the sensitive plate for five minutes in the camera was requisite. 

At a suitable distance behind the lens (about 26 inches*), a collodion plate coated with 
iodide, or occasionally with a mixture of iodide and bromide of silver, was supported in the 
camera, for the purpose of receiving the image of the spectrum •}*. The plate was excited 
by the use of a bath of nitrate of silver containing 30 grains of the nitrate to an ounce 
of water. The image was developed in the usual way by means of pyrogallic acid, in 
the proportion of one grain to the ounce of water, and fixed with cyanide of potassium. 

7. The spectra of electric sparks so obtained were remarkable for their great length ; 
indeed they extended beyond the termination of the visible rays for a space equal to five 
or six times the length of the luminous portion. 

For the convenience of comparing the results of the various experiments together, I 
have adopted an arbitrary fixed scale, the fiducial point of which is the line H in the 
solar spectrum. Calling this 100, the more refrangible rays arc numbered onwards, and 
the less refrangible rays backwards from it, the line B in the solar spectrum being at 84 : 
the length of the spectrum from silver points extends from 96*5 upon this scale to 170*5. 
The solar spectrum for the purpose *of this comparison was projected upon the collodion 
plate by means of a small mirror of polished steel ( g , fig. 2) placed so as to form an angle 
of 45° with the surface of the plate carrying the slit, and to cover a portion of the vertical 
slit, as shown by an end view of the tube at fig. 3, whilst the direct image from the 
silver points fell simultaneously, parallel to that of the solar spectrum, upon the 
collodion plate in the camera. 

8. The following Table contains a list of the various substances subjected to experi- 
ment. All these bodies allowed the less refrangible rays to pass, but cut off the rays of 
medium and extreme refrangibility wherever absorption occurred at all. 

* This distance was found by experiment to give nearly a flat field, with the image of the slit formed by 
all the different rays in focus simultaneously. My friend and colleague, Professor J. C. Maxwell, kindly 
calculated for me tho relativepositions of lens and prism necessary to ensure an approximatively flat field fo? 
the visible rays. 

If the lens be placed between the slit and the prism, a very great difference occurs between the points of 
convergence of the most refrangible and the least refrangible rays, amounting with the lens and prism whicb 
I used to nearly 14 inches. When the lens is before tho prism, both coincide in augmenting tho convergence 
of the more refrangible rays ; whereas when the lens is placed behind the prism, as shown in the figure, 
the convergence occasioned by the lens is neutralized by the j-rism, which now acts in the opposite direction 
upon tho diverging rayB as they fall upon it from the Blit. 

t My friend Mr. Pizet, who assisted mo in these experiments, prepared the collodion for me, following 
nearly the directions given by Hardwick in his ‘Manual of Photographic Chemistry/ Cth edition, p. 202. 

It was iodized with a mixture of equal parts of iodides of potassium and ca dmium , and was perfectly uniform 
in its action, even for weeks after it had been iodized, if kept in the dark. 
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Table I.— Diactinic Power of Solids. 


• 

Name of substance. 

Thickness, in inches. 

Termination 
of spectrum. 

Relative 
lengths ol 
spectra. 

Remarks. 

• 

Ice 

about 0*5 

170*5 

74*0 


Diamond* ( l ) 

0*032 

153*5 

590 


Diamond (m) 

0*017 

159*5 

62*0 


Diamond (A) 

0*182 

115*5 

19*0 


Sapphire (24*) ... 

0*13 

116*0 

19*5 


Sapphire (B) 

0*093 

112*0 

15*5 

Faint bluish tinge. 

Sapphire (n) 

0*12 

1 1 1*0 

14*5 

Quartz 

0*l6 

170*5 

74*0 

With miArtz.trfiin. 

White Topaz 

0*19 

162*0 

6.5-5 

Faint image of spectrum. 

Mica 

0-007 

114*5 

18*0 


OH of Vitriol 

0-75 

160*5 

64*0 


Sulphate of Lime (solid) 

about 0*3 

155*5 

59*0 


Sulohate of Baryta (solid) ... 

about 0*4 

154*5 

58*0 


Suq>hate of Magnesia (solid) . 

0-34 

158*0 

61*5 


Sulphate of Potash 

Sat. soln. 0 75 in. 

159*5 

63-0 


Sulphate of Soda 

99 

159*5 

63*0 


Sulphate of Ammonia 

99 

145*5? 

49*0? 


Sulphate of Zinc 

99 

152*5 

56-0 


Alum 

99 

159*5 

630 


Sulphate of Iron 

99 

105*0 . 

8*5 

Pale green. 

Sulphate of Manganese 

99 

144*5 

48*0 

v aint pink. 

Sulphate of Copper 

99 

112*5 

16-0 

Full blue. 

Sulphite of Soda 

99 

127*5 

31*0 


Hyposulphite of Soda 

99 

108*5 

12*0 


Fluor-spar 

0-17 

170*5 

74*0 


Fluoride of Sodium 

Sat. soln. 0*75 in. 

1 59*5 

630 


Fluoride of Ammonium 

99 

166*5 

70*0 


Hydrochloric Acid, sp. gr. 1*1 

0-75 in. 

152*5 

56*0 


Rock-salt (solid) 

0 75 

159-5 

63*0 


Chloride of Potassium 

Sat. soln. 0*75 in. 

159*5 

63*0 


Chloride of Ammonium 

99 

155*0 

58*5 


Chloride of Barium 

99 

153*0 

56*5 


Chloride of Strontium 

99 

152*0 

55*5 


Chloride of Calcium 

99 

147*0 

50*5 


Chloride of Zinc 

» 

145*5 

49*0 


Chloride of Manganese 

99 

104*5 

8*0 

Faint rose-colour. 

Chloride of Tin (SnCl) 

99 

108*5 

12*0 

Spectrum cut off abruptly. 

Chloride of Tin (SnCl a ) 

Strong solution. 

114*5 

18*0 

Spectrum cut off abruptly. 


• I am indebted to my friend Professor W. H. Milt.be, of Cambridge, for the opportunity of examining 
the diamonds and sapphires alluded to above. I was a slice of diamond bounded by cleavage-planes, from the 
Warburton Collection, m a somewhat thicker slice from the same collection. A a large octahedral diamond 
fjronfthe Humian Collection : all these wero colourless. The sapphire 24 was a large six-sided prism from 
*the Brooke Collection ; that marked B was a smaller prism of a faint bluish tinge from Professor Millee’s 
own collection, n is a colourless crystal of sapphire from the Warburton Collection. I made an application 
to the Trustees of the British Mpseum for permission to use somo of the limpid specimens in their collection, 
but was informed that even for such a purpose the Act df Parliament forbids them to allow any mineral to 
pass off their premises. Mr. Maskelyne was kind enough to lend me a fine colourless topaz from his own 
ollection. — [Feb. 1868 .] 
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Table I. (continued). 


Relative 


Termination i en «tha of 

Name of substance. Thickness, in inches. 0 f spectrum. sp ictra. 


Remarks. 


Chloride of Arsenic (AsCl 3 )... Liquid. 
Corrosive Sublimate Sat. soln. 0*75 in* 


Spectrum cut off abruptly. 
Spectrum cut off abruptly. 


Bromide of Sodium ... 
Bromide of Potassium 


Iodide of Sodium ... 
Iodide of Potassium 


Cyanide of Potassium 
Cyanide of Mercury .. 


Sulpliocyanide of Potassium... >» 

Hydrate of Soda » 

Hydrate of Potash » 

Hydrate of Ammonia Sp. gr. 0*945 

Hydrate of Baryta Sat. soln. 0*75 in. 

Hydrate of Strontia >» 

Hydrate of Alumina Strength of solution 

Hydrate of Silica not determined. 

Carbonate of Soda Sat. soln, 0*75 in. 

Carbonate of Potash »» 

Iceland Spar 0*35 

Bicarbonate of Soda Sat. soln. 0*75 in. 

Bicarbonate of Potash » 

Sesquicarbonate of Ammonia . » 


Boracic Acid 
Borax 


Phosphoric Acid 

Phosphate of Soda (HO, 1 

2NaO, P0 5 ) / 

Pyrophosphate of Soda, \ 
2NaO, PO, J 

Triarseniate of Soda (3NaO, *1 

j As O s ) J 

Arsenic Acid 


Solution of 60 
grains of dried 
salt in 1 oz. of 
water. 


Sat. soln. 0*75 in. 


Chlorate of Potash. 


Nitric Acid Sp. gr. 1*3 

Nitrate of Soda Sat. soln. 0*75 in. 

Nitrate of Potash » 

I Nitrate of Ammonia >» 

Nitrate of Lime »> 

Nitrate of Magnesia »• 

Nitrate of Baryta „ 

Nitrate of Strontia „ 

Nitrate of Nickel » 

Nitrate of Lead * 

Subnitrate of Mercury „ 

Nitrate of Silver „ 


9*0? 

49-0 


Spectra terminate abruptly. 
Prepared by Liebig’s process. 


16*0 ? Slightly yellowish. 

35*01 From sulphate by precipitation 

33*0 j with baryta. 

Rather feeble speetrum. 


Crum’s solution. [lution. 

^Dialysed from hydrochloric so- 


From ignited bicarbonate. 


Faint beyond 109. 


Equal weights of same salt ; one 
dried at 300° F., the other 
ignited. 


Colourless. 

All the spectra of the nitrates 
are cut off sharply. 


Intense green solution. 
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Table I. {continued). 




Termination 
of spectrum. 

Relative 


Name of substance. 

Thickness, in inches. 

w 

• 

lengths of 
spectra. 

Remarks. 

i 


Acetic Acid Glacial, liquefied 

Acetate of Soda Sat. soln. 0*75 in. 

Acetate of Potash „ 

Acetate of Ammonia „ 

Acetate of Baryta „ 

Acetate of Lime „ 

Acetate of Lead 


Tartaric Acid 

Tartrate of Soda 

Tartrate of Potflih 

Rochelle Salt (NaO, KO, 

C.H.O,,) 

Tartar Emetic (KO, SbO, 

c.h 4 0„) 


Citric Acid. 


112- 5 
144-5 

113- 5? 
144-5 
115-5? 
115-5? 

130- 5 

127*5 

144-5 

144-5 

144-5 

131- 5 


133-5 


16-0 

48-0 

17 * 0 ? 

48-0 

19*0? 

190 ? 

34-0 


Spectrum ends abruptly. 


\ Very faint brownish tinge in 
/ liquid. 


Oxalic Acid 

Oxalate of Potash .... 
Oxalate of Ammonia. 


114-5 

117-5 

124-5 


Sugar-candy 1 60 grains in 20.0 


Milk-sugar 

Gum-arabic 


grains of water. 
Mucilage. 


Silicate of Soda Sat. soln. 0*75 in. 

Faraday’s Optical Glass 0-54 

Flint-glass 0*68 

Window Sheet-glass 0-07 

Hard Bohemian Glass 0*18 

Plate-glass 0*22 

Crown-glass 0*74 

Thin Glass for Microscope ... 0-009 


156-5 

151-5 

113- 5? 

108-5 

101-5 

105- 5 
112-5 

114- 5 
111-5 

106- 5 
116-5 


Slightly opalescent. 


Pale yellow. 


Greenish. 


The photographic impression of each spectrum in every case quoted in this Table com- 
mences at 96*5, and the number inserted in the Table in the second column of figures 
indicates the point at which the most refrangible rays transmitted by the compound 
under examination ceased. The numbers in the third column of figures represent the 
length of the spectrum, the unit of the scale being one millimetre. 

9. In the majority of cases of saline compounds in the foregoing Table the results 
given are those obtained by forming a saturated solution of the compound in distilled 
water, and decanting the liquid after it had become clear by standing. It is not advisable 
to filter in these cases, as the introduction of minute quantities of certain compounds, 
especially of some of organic origin, greatly impairs the transparency of the liquid to the 
rays which produce chemical action. 

The solution, duly prepaired, was then placed in a small trough made by cutting a 
notch in a piece of plate-glass f inch in thickness, the sides of the trough being com- 
pleted by thin plates of polished quartz, which were pressed by means of bands of 
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caoutchouc against the ground surfaces of the plate-glass. No cement was employed, 
and the trough was taken to pieces and cleansed between each experiment — a stratum 
of liquid 0 75 inch thick being used in each case. 

.1 0. In the preparation of the various compounds for examination, much care was taken 
to employ the materials in a state of purity. In one or two instances, however, it has 
happened that an acid which usually forms highly diactinic salts has exhibited an 
anomalous and excessive absorptive power, although in combination with a base which 
in other instances furnishes strongly diactinic salts. Here some impurity, in quantity so 
small as to escape the tests in ordinary use, but sensitive to the action of light, has 
probably been present, and has impaired the diactinic capacity of the substance. Cases in 
which such impurity is suspected are indicated in the Table by the mark (1) subjoined to 
them. I intended to have prepared fresh portions of each of these substances with a view 
to their re-examination; but by the time I had arrived at this stage of my experiments 
I learned from my f.iend Professor Stokes that he had been engaged in a similar inquiry, 
but had been turning to account for this purpose the property of fluorescence ; and as I 
found that my results, where both of us had employed the same substance, were in close 
accordance with those which he had obtained, I determined to postpone the further exami- 
nation of these bodies till after the details of Professor Stokes’s experiments have appeared. 

I have also refrained from extending my observations to the compounds of organic che- 
mistry, many of which I had otherwise proposed to submit to a similar investigation. 

It may here be observed that the solution of a salt in water always to a certain extent 
impairs the diactinic quality of the liquid, however limpid the solution may be, producing 
an effect which may be compared to opalescence or turbidity in a liquid employed in the 
transmission of luminous rays. 

11. I have not been able to trace any special connexion between the chemical com- 
plexity of a substance and its diactinic power. Carbon in its pure form as diamond we 
regard as an element. In thin slices it transmits portions of the chemical rays of nearly 
all degrees of refrangibility, though none of the specim'ens which I examined exhibited 
any approach to the actinic limpidity of quartz. Phosphorus, on the other hand, though 
transparent to light in its melted condition, and equally regarded as elementary, appears 
to be nearly adiactinic , or impermeable to the chemical rays. In many cases the peculiar 
diactinic or adiactinic action of an element is traceable in its simpler chemical com- 
pounds. Thus the simpler combinations of sulphur, such as sulphuretted hydrogen, 
sulphurous acid gas, bisulphide of carbon, and chloride of sulphur, are all powerful actinic . 
absorbents, while in the more complicated form of sulphuric acid and the sulphates of 
certain bases the compounds are highly diactinic. On the other hand, the silicates are 
much less diactinic than silica in the form of quartz, or the bases which enter into the 
formation of the silicates : probably this may arise, as Professor Stokes suggests, from 
the difficulty of obtaining silicates, either natural or artificial, after fusion, perfectly free 
from iron. 

12. No solid or liquid substance that I have as yet tried surpasses rock-crystal in 
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permeability to the rays which excite chemical action. Ice (and water), as well as white 
fluor-spar, rival it ; and pure rock-salt approaches it very closely *. White topaz is a 
little inferior to the preceding bodies in diactinic capacity. 

Amongst the various compounds submitted to examination, the fluorides rank first in 
diactinic power ; then follow the chlorides of the metals of the alkaline earths. The 
bromides of the same metals appear to be less diactinic than the fluorides and chlorides, 
and this decline in power is still more marked in the case of the iodides. The short 
spectrum of these last-mentioned salts is interrupted by a well-marked absorption-band at 
a point beyond II, represented on the arbitrary scale at 103-5, beyond which the spectrum 
is again faintly renewed to 113-5, and then it terminates abruptly. The cyanides appear 
to be considerably diactinic ; but further experiments upon these salts, as well as upon 
the sulphocyam des, are desirable. Sulphuric, carbonic and boracic acids furnish salts with 
the alkalies and alkaline earths, which are also largely diactinic : the phosphates seem to 
be less so, and the arseniates still less. It is remarkable that though the sulphates arc so 
diactinic, the sulphites are considerably less so, and the hyposulphites are more opaque 
than the sulphites. The hydrates of the alkaline earths are also transparent. It is very 
difficult to obtain the alkaline hydrates perfectly pure ; but a solution of hydrate of soda 
and one of potash, furnish M by precipitation of their respective sulphates by means of 
baryta, and concentrated in a silver dish, gave a very fair result in each case. 

The diactinic capacity of the 'tartrate's and citrates is less than that of the carbonates. 
That of the acetates appears to be about the same as that of the tartrates ; but the results 
obtained with the acetates are somewhat uncertain, as it is difficult to procure these salts 
absolutely free from the empyreumatic products which accompany the acid as it is usually 
prepared. The oxalates have a low diactinic power. 

But the group most remarkable for its absorptive action is formed by the piitrates. 
Nitric acid, whether dissolved in water or in combination with a metallic oxide, has a 
specific action in arresting the chemical rays : the more refrangible portion it transmits 
freely, and then intercepts the spectrum abruptly at the same point whatever base be 
united with the acid, provided the base be capable of forming diactinic salts. The 
chlorates , on the contrary, are strongly diactinic. 

13 . From the observations above detailed, it appears that the following acids may be 
considered as possessing high diactinic capacity, — viz. the sulphuric, hydrochloric, hy- 
drofluoric, chloric, carbonic, and boracic acids. Inferior to these are hydrobromic, 
phosphoric, arsenic, tartaric, citric, acetic and oxalic, hydriodic, sulphurous and hypo- 
sulphurous acids, whilst nitric acid is still less diactinic. Chromic acid arrests all the 
chemical rays ; and the presence of a tinge of yellow or green colour in any compound 
is immediately apparent in a great reduction in the amount of its diactinic power. 

14 . Among the bases, potash, soda, ammonia, baryta, lime, strontia, magnesia, and 
alumina are eminently diactinic. Oxides of zinc, mercury, and lead approach them in 

* A specimen of sea-water which had been standing for some months in my laboratory, furnished a ronul 
identical with th^ obtained by using a strong solution of pure chloride of sodium. 

IIDCCCLXII. 6 C 
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power ; but coloured bases, like oxide of iron, nickel, cobalt, or copper, are very inferior ; 
and when the salts which they form are green or yellow, they are nearly opaque. 

Tt is remarkable that, notwithstanding the high diactinic quality of silica, none of the ‘ 
different varieties of glass transmit rays extending beyond one-fifth or one-sixth of the 
range afforded by quartz. This absorptive action is produced by a lamina of glass less 
than the one-hundredth of an inch in thickness, which cuts off the more refrangible rays 
nearly as completely as a piece of glass of twenty times the thickness. All glass appa- 
ratus must therefore be abandoned in these experiments, and apparatus of quartz substi- 
tuted for them. 

15. I had no encouragement in my attempts to construct prisms of other materials 
than rock-crystal. Rock-salt offers no advantage, and it is too soft and deliquescent to 
yield prisms or lenses comparable with those of quartz. I did indeed make a consider- 
able number of experiments with a hollow prism furnished with thin quartz sides, and 
filled with water. But the refractive power of water is less than that of rock-crystal, 
and its dispersive power is not higher. The addition of pure chloride of sodium till the 
water is saturated does not materially increase the refractive or dispersive power, whilst 
it appeared (in a very slight degree it is true) to diminish the amount of the more 
refrangible rays, so that, on the whole, I found it mpre convenient to work with a quartz 
prism, the double refraction of which in the position in which I used it, was so slight 
that it was not a source of any inaccuracy of importance. 

b. Absorption by transmission through Liquids. 

10. In the experiments with liquids, the same plate-glass trough with quartz sides 
was used as when solutions were employed, and the apparatus was arranged in exactly 
the same manner. Great care was taken in the purification of each specimen. The 
wood-spirit was prepared from oxalate of methyl by Woiiler’s method, and it, as well as 
the alcohol and f ousel oil employed, was in the anhydrous state. The glycerin was per- 
fectly colourless, and was prepared by Mr. Geo. Wilson by distillation with superheated 
steam ; it retained about 4 per cent, of water. The specimen of glycol was the only one 
about which I had any doubt ; it had a barely perceptible yellowish tinge, and a very 
slight empyreumatic odour. The carbolic acid , given me by Mr. CRACE-CALVERT,*was a 
beautiful colourless specimen, which, by a slight reduction of temperature, solidified to 
a mass of delicate white needles. The benzol was a specimen prepared from benzoate of 
lime, purified by congelation at 32°, and carefully rectified. The paraffin oil was a perfectly 
limpid colourless specimen obtained from Rangoon petroleum ; it had a specific gravity 
of 0-831, and boiled steadily at 360° F. The bisulphide of carbon , and indeed most of 
the other liquids, were rectified immediately before proceeding to experiment upon them. 

The following Table contains a list of the liquids operated on, and the lengths of the 
different spectra, in terms of the scale already explained (par. 7). The compounds 
included in the following Table, with the exception of nitric and hydrochloric acids, are 
not simply solutions, but liquids to which a definite chemical formula mfy be assigned. 
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Table II. — Diactinic Power of Liquids. 
Thickness of stratum 0-75 inch. 


Name of substance. 

| Termination 
of spectrum. 

Relative 
lengths of 
spectra. 

Remarks. 

Water 

Wood-spirit 

Alcohol 

Fousel Oil 

170-5 

116*5 

159*5 

116*5 

74*0 

200 

63*0 

20*0 

With a faint impression of the rays about 156. 

Glycol 

107*5? 

114*5 

11*0? 

Slight empyreumatic odour. 

Glycerin 

18*0 

Ether 

112*5 

16*0 


Chloroform 

122*5 

26-0 


Dutch Liquid 

132*5 

36*0 


Oxalic Ether 

115*5 

19-0 


Carbolic Acid 

104*5 

8*0 


Benzol ( C u H e ) 

117*5 

21*0 


Paraffin Oil, i?(C 3 H 3 ) 

111*5 

15*0 

| Specific gravity 0*831. Boiling-point 360°. 

Oil of Turpentine 

104*5 

8*0 

Phosphorus (melted) 

0 

J Slight yellowish tinge. 

Bisulphide of Carbon 

102*5 

6 

Oxychloride of Phosphorus ... 

0 


Terchloride of Phosphorus 


0 

Retaining a little phosphorus in solution. 

Terchloride of Arsenic 

101*5 

5*0 

Acetic Acid 

112*5. 

16*0 

Glacial. 

Sulphuric Acid 

160*5 

64*0 1 


Nitric Acid * 

Hydrochloric Arid 1 

106*5 

152 5 

10*0 ' 

56*0 il 

Specific gravity 1*3. 

Specific gravity 1*1. 


The starting-point for each spectrum was 96 5 upon the scale already adopted. 

Of all these liquids, water and alcohol are the only two, except sulphuric and hydro- 
chloric acids, which are strongly diactinic ; water is eminently so, alcohol in a much less 
degree. No relation in this respect is traceable between common alcohol and the other 
alcohols examined, viz., wood-spirit, fousel oil, glycol, glycerin, and the phenic alcohol 
carbolic acid. Bisulphide of carbon, the refractive medium employed in my earlier 
experiments, is singularly deficient in diactinic power, and is therefore eminently unfit 
for such researches. 

c. Absorption of Chemical Rays by transmission through Gases and Vapours. 

17. In the experiments upon the absorbent action of aeriform media, the gas or vapour 
under trial was introduced into a brass tube 2 feet long, blackened on the inside, and 
closed at the end by plates of quartz, which were fitted on so as to form air-tight joints. 
The tube could be attached by a stopcock to the plate of the air-pump, and after 
exhausting the air any gas could be easily introduced. In cases in which the gas was 
liable to act upon the metal, a glass tube was substituted for the metallic one, and the 
gas was introduced by displacement. The tube when prepared was interposed at t, fig. 1 
(par. 6), between the slit s and the prism b, and the rays emanating from the electric 
spark were, after traversing the column of gas contained in the tube, received first upon 
the prism an£ lens, and then upon the excited collodion surface, in the usual manner. 

6 c 2 
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When the vapour of a volatile liquid was to be examined, a few drops of it were gene- 
rally allowed to fall into the tube filled with air, through which the vapour was allowed 
to diffuse itself at the ordinary temperature. The action of such vapours was therefore * 
compared at a great disadvantage with that of the various gases, particularly where the 
volatility of the liquid was rather low. The results, however, even under these disad- 
vantageous circumstances, were well marked, as may be seen by examining the subjoined 
Table of gases and vapours submitted to experiment, in which the comparative lengths 
of the different spectra arc shown in the second column of figures. 


Table III. — Absorbent action of Gases and Vapours on the Chemical Rays. 


Length of column of gas 2 feet. 


i 


i 

t 


Name of gas. 


I Atmospheric Air 

! Hydrogen 

[ Carbonic Acid 

Carbonic Oxide 

Olefiant Gas 

Mur li -gas 

Coal-gas 

Protoxide of Nitrogen 

Cyanogen 

Ammonia 

Sulphurous Arid 

Sulphuretted 1 1 y d r ogen . . 

Bisulphide of Carbon 

Bichloride of Sulphur 

Benzol 

Oil of Turpentine 

Chloroform 

Ether 

Trichloride of Phosphorus 
Oxychloride of Phosphorus 

I lydrochloiic Acid 

»y drohrnmic Acid 

Ily.l riodic Acid 

Peroxide of Nitrogen 

Pe roxide of Chlorine 


Termination 
of spectrum. 

Relative 
lengths of 
spectra. 

| Remarks. 

170-5 

74-0 


170-5 

74-0 


170-5 

74-0 


170-5 

74-0 


162-5 

66-0 


159-5 

63-0 


133-5 

37*0 

Cut off abruptly. 

159-5 

63-0 


159-5 

6 3-0 


170-5 

74-0 


110-5 

14-0 

Cut off abruptly. 

110-5 

14-0 

Cut off abruptly. 

101-5 

6-0 

f A lew of the strongest lines between 140 and 
| 152 are seen. 

108 

10 


131-5 

35-0 

Faint beyond 111*5. 

1520 

55-5 


152-0 

55*5 


163-5 

67*0 


131-5 

35 

Very feeble spectrum. 

141-5 

45 

Fades out very gradually. 

151-5 

55-0 


119*5 

23 

Cut off abruptly. 

111-5 

15 

Cut off abruptly. 

0 

0 


0 

0 



18. The absorbent action disclosed by the foregoing experiments on the colourless 
gases and vapours is very interesting, as it proves that differences exist in the diactinic 
power of these substances quite as marked as in the case of liquids and solids. Some of 
the elementary gases, oxygen, hydrogen, and nitrogen, appear to possess a diactinic capa- 
city greater than any solid or liquid body. Many compound gases, such as ammonia, 
carbonic acid, and carbonic oxide, appear to rival them. Olefiant gas, cyanogen, and 
hydrochloric acid exhibit a decided but not great absorptive power, with which that of 
the vapours of ether, chloroform, and oil of turpentine at the atmospheric tension, and 
when diffused through air, may be compared. Doubtless if these vapours were tried at 
a tension of 30 inches, they would exhibit greater absorptive power. The absorptive 
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action of hydrobromic acid much exceeds that of the hydrochloric, and that of hydriodic 
acid is greater than of either. 

The abrupt termination of the spectrum in coal-gas is remarkable. The absorption 
appears to be due not to the permanent gases, but to the vapours of benzol and other 
heavy hydrocarbons which it contains. The four compounds of sulphur, viz., sulphurous 
acid*, sulphuretted hydrogen, bisulphide of carbon, and dichloride of sulphur, are espe- 
cially active in absorbing the chemical rays; and the vapours of the terchloride and oxy- 
chloride of phosphorus exhibit a similar though less intense absorptive power. 

19. Coloured gases, whether elementary or compound, such as chlorine, bromine, and 
nitrous gas, have long been known to exert an absorptive action upon the luminous raysf ; 
and their effect is not less marked upon the in visible prolongation of the electric spectrum. 

The effects of the three halogens, chlorine, bromine, and iodine, in the form of vapour, 
are particularly remarkable. As a general rule, when a body exerts an absorptive influ- 
ence the absorption is greatest in the most refrangible portions ; but the reverse of this 
occurs in the case of chlorine and of bromine. A column of chlorine two feet in depth, 
cuts off the whole of the less refrangible portion as far as 143*6 ; beyond that a distinct 
impression is obtained as far as about 159. With bromine diffused in the form of diluted 
vapour, the impression commences at 10G, and is continued distinct, though rather feeble, 
to the extreme end of the spectrum. The apparatus required a slight modification to 
adapt it for the experiment with iodine. 1 had a glass tube 6 inches long, the open ends 
of which were ground flat so as to admit of being closed by thin plates of quartz ; this 
was enclosed in a brass tube ; a few grains of iodine were introduced, and the quartz plates 
fixed by metallic caps perforated to admit the passage of the rays ; this tube could then 
be supported as usual between the spark and the prism, and could be raised to and kept 
at a temperature beyond that necessary for the volatilization of the iodine. The electric 
light, after traversing such a column of vapour of an intensely deep violet colour, gave 
a strong spectrum, extending from 96*5 as far as 112, then it gradually faded till it 
disappeared at about 118 ; the impression became again rather faintly but distinctly 
visible at 142, and gradually disappeared at about 15G. It is interesting to notice a 
somewhat similar interrupted absorption of the rays, though at a different part of the 
spectrum, in the case of the metallic iodides. 

Both peroxide of nitrogen and peroxide of chlorine, in a stratum of 2 feet in depth, 
wholly absorb the chemical rays ; but when more dilute or in shorter columns, they each 
give characteristic absorption-bands. 

20. There appears to be little or no connexion between the absorptive power of 
any particular gas for the chemical rays, and its power of absorbing radiant heat as 
determined by the experiments of Dr. Tyndall^. Aqueous vapour is highly diactinic, 
though not diathermic; olefiant gas exhibits a similar difference; and various other 
instances might be pointed out. 

* An aqueous solution of sulphurous acid cuts off the spectrum at the same point as the gas itself does, 
f For an historical sketch of the progress of discovery in relation to the production of bands in the 
spectrum, the reader is referred to a paper by the author in the * Pharmaceutical Journal,’ February 1802, 
p. 17 et te$. $ Phil. Trans. 1861. 
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21. The most interesting fact, however, disclosed by these various experiments iB the 
persistence of either the diactinic or the absorbent property in the compound, whatever 
be its physical state — a circumstance which proves that the property under consideration ' 
is intimately connected with the atomic or chemical nature of the body, and not merely 
with its state of aggregation. 

The following diagram represents approximative^ the relative position of the portions 
of the spectrum transmitted in a few of the cases described in the foregoing section of 
this paper. No attempt is made to indicate partial absorption of the rays. In one or 
two instances, where complete absorption at a particular part of the spectrum occurs, this 
has been indicated by an interruption in the line. 


Relative absorptive action of various Media upon the Electric Spectrum of Silver . 


Scale of Millimetres 

Quartz-train, Silver spectrum .... 

Ice, Water, Fluor-spar 

Rock-salt . . . 

Bromide of Sodium . 

Iodide of Sodium 
Nitrate of Soda . 

Carbonate of Soda . 

Sulphate of Soda 
Sulphite of Soda . . 

Hyposulphite of Soda 
Flint-glass . . . 

Thin glass for Microscope 

Mica 

Alcohol 

Ether 

Benzol 

Bisulphide of Carbon 




Acetic Acid 
Oxalic Acid . 

Tartaric Acid . 

Citric Acid 
Coal-gas 
Sulphurous Acid Gas 
Hydrochloric Acid Gas . 
Hydrobromic Acid Gas 
Hydriodic Acid Gas . 
Chlorine .... 
Bromine .... 
Iodine 


^ Saturated 
solutions. 
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§ 2. THE ABSORPTION OF THE CHEMICAL RAYS BY REFLEXION FROM POLISHED * 

SURFACES. 

22. In my earlier experiments I had much difficulty in obtaining a spectrum all the 
parts of which were even approximatively in focus in the same plane, and, with the view 
of remedying this defect, I tried the effect of substituting specular reflexion for the 
refracting action of a lens. This led me to compare the reflecting-power of different 
polished surfaces for the chemical rays. With this object in view, a small polished plate 
of the material under experiment was supported at an angle of 45°, as shown in fig. 3 
(par. 6), opposite the vertical slit of the apparatus, so that when the source of light e , was 
placed at right angles to the axis of the tube, the rays were reflected down the tube in the 
direction of that axis. The arrangement of the prism, lens, and camera was the same as 
that already described (6). As, however, much less light was reflected upon the prism 
from the polished surface than that which fell upon the prism when the direct rays of 
the spark were employed, the exposure of the sensitive plate in the camera was prolonged 
from 5 minutes to 10. 

23, Among the metals and alloys thus submitted to trial were platinum, gold, silver, 
mercury, contained in a trough with quartz faces, lead, copper, tin, cadmium, zinc, 
aluminum, steel, brass, and speculum-metal. In addition to these, the reflecting-power 
of quartz, window-glass, and Iceland spar was also tried. 

No judgment of the perfection of the reflecting-power could be formed from the colour 
of the metal. Gold possesses the power of reflecting all the rays, even the most refran- 
gible, very equally, though somewhat feebly. Next to gold ranks burnished lead, some 
part of the spectrum of the electric spark reflected from lead being more intense than 
that from gold. The length of the spectrum obtained from the light of the electric spark 
between silver points, by reflexion from the surface of these two metals, extended from 
96 5 to 170*5, or over the full distance of that obtained by the direct light of the spark, viz. 
74 divisions of the scale which I have adopted. With all the other metals the spectrum 
of the same reflected spark terminated at 159-5, covering only 63 divisions of the scale. 

The spectrum from a silver surface was remarkable. The impressed image was strong 
up to 112*5 ; then an abrupt cessation of the reflected rays occurred for a distance of 1*5 
division ; beyond this the reflexion gradually returned, and continued tolerably intense 
till it reached 159*5, covering 63 divisions of the scale. 

The reflexion from mercury was weak in the middle, but strong towards each extre- 
mity. Platinum , zinc , and aluminum resembled mercury in their effects, but the spec- 
trum was much less intense. The reflexion from cadmium was* similar, but still weaker. 

The spectrum of the rays reflected from copper was deficient in strength for the last 
half of the more refrangible portion ; and that of brass was similar to it, but weaker. 
The reflexion from a surface of steel was more intense than that from any surface 
which I employed, but it ended abruptly at 159*5, or at the 63rd division of the scale. 
The spectrum reflected from tin was nearly as complete as that from steel. 

A small concave mirror of jpeculum-metal gave an intense spectrum for the first half ; 
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-but the more refrangible portion was deficient in power, and no rays were reflected 
beyond 159 5 (G3 divisions), the point at which the other metals also failed. I therefore 
abandoned the attempt to substitute a speculum for the lens, with which latter I ‘ 
succeeded subsequently in obtaining a field sufficiently flat for the purpose. 

24. The reflexion from the surface of transparent objects was so scanty that, of course, 
no idea was entertained of using such bodies as mirrors ; but it may be worthy of notice 
that a feeble spectrum was obtained from surfaces of quartz , window-glass , and Iceland 
spar extending to 1595, or over a length of G3 divisions of the scale — that is to say, 
fully as far as the majority of the metals. The quantity of the reflected rays was small, 
but its quality was similar to that of the rays reflected from metallic surfaces. 

§ 3. PHOTOGRAPHIC EFFECTS OF THE ELECTRIC SPECTRA OF DIFFERENT METALS 

TAKEN IN ATR. 

a. Pure Metals. 

25. I have spent a considerable time in endeavouring to procure exact photographs of 
these spectra, inasmuch as the spectrum of a metal is a constant not less important than 
its density or its fusing-point; and it frequently furnishes the means of identifying an 
element under circumstances in which no other method at present known is practicable. 

Kirchiioff, in his elaborate and masterly researches on the constitution of the solar 
spectrum, has, as is well known, published in minute detail a map including the lines of 
a large number of the metals. He has, through a limited portion of the visible spectrum, 
laid down the position of the bright lines of certain metals coincident with particular 
dark lines of Fraunhofer, with a precision best appreciated by those who have followed 
him with most minuteness. 

Much yet, however, remains to be done even for the rays which fall within the range 
of the visible spectrum ; and for those which arc beyond the limits of ordinary vision, the 
whole yet remains to be examined. 

The lines of each spectrum are so numerous and so close together, that it would be 
impossible without a sacrifice of time, that would scarcely be justifiable, to obtain accu- 
rate impressions of them by eye-drawing. Indeed, except by the process of photography, 
these lines can only be rendered visible by the aid of a fluorescent screen, under which 
circumstances the minute details are almost necessarily lost even by the most careful 
observer. 

The photographs of these spectra were obtained by an arrangement of the quartz 
prism and lens, identical with that already described (6), wires, plates, or irregular 
fragments of the metal, according to circumstances, being supported in brass forceps 
connected with the secondary wires of the induction-coil. The interval traversed by the 
spark was in each case about a quarter of an inch, and the slit was placed at a distance 
of half an inch from the line traversed by the spark. 

The specimens of gold, silver, mercury, copper, bismuth, antimony, zinc, tellurium, 
thallium, and lithium employed are believed to have" been pure. The tungsten, 
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molybdenum, chromium, and manganese were reduced from pure oxides in crucibles lined 
with charcoal. The other metals were as they are furnished in commerce as pure. 

• 26. Each metal gives its own distinctive spectrum ; but it is remarkable that these 
differences are not obvious in the less refrangible end. The true metallic spectrum, when 
the sparks pass in air, is in fact combined with that due to atmospheric air, as has already 
been pointed out for the visible rays by Angstrom and by Altkb. * The photographic 
lines of the air-spectrum are most marked in the less refrangible portion, whilst the 
characteristic lines of the metals are particularly evident in the more refrangible parts. 
Hence the photographs which I formerly obtained by the use of a prism of bisulphide 
of carbon, which transmits rays of low refrangibility only, represent, as I then correctly 
pointed out, lines which are chiefly atmospheric ; and consequently they exhibit ap- 
pearances which are almost identical whatever be the metal employed. 

In describing the spectra of the different metals, I shall employ the same arbitrary 
scale that I have hitherto used in this paper. 

27. It will be observed that generally the lines as they advance towards the less re- 
frangible extremity become less intense in their central portion, until towards the 
extreme limit of the spectrum, the two marginal ends of the lines alone are visible, 
though these terminations are often rather intense. Indeed, throughout the whole 
length of the impressed photograph, the marginal extremities of the metallic lines leave 
a stronger image than their central portions, as though the incandescence of the volati- 
lized portions of the electrodes, owing to their high radiating power, did not continue 
sufficiently intense during their transfer across the interval between the two electrodes, 
to enable them to produce a continuous line. Evidently the cause of this diminution 
of action operates more powerfully upon the more refrangible rays ; and a higher 
temperature, as the experiments of other observers have abundantly proved, is necessary 
to the production of radiations of these high degrees of refrangibility. 

Exceptions to this remark occur in the lines due to the atmosphere ; this is well seen 
in the strong line at 110 5, which is in marked contrast to some of the metallic lines in 
its vicinity, particularly in the spectrum of silver (Plate XXXIX. fig. 9), where this 
nitrogen-line is included between two pairs of very intense lines due to the metal itself, 
and which are each interrupted in the middle. 

In order to abbreviate the description of the various spectra, I shall generally speak 
of these interrupted lines as “ dots they, indeed, constitute the characteristic features 
of the different metallic spectra These dots, if the image be exactly in focus, may 
usually be seen to consist of groups of very short lines closely aggregated. This is well 
shown in some parts of Plate XL. fig. 39, which represents the spectrum of silver ; and 
it is less distinctly shown in the spectra of palladium (fig. 38), of copper (fig. 40), of 
antimony (fig. 41), and of cadmium (fig. 42). These spectra were taken with the screen, 
lens, and prism at a distance from the slit different from those with which the other 
impressions were procured ; some parts are consequently out of focus, but the details of 
other portions are shown more fully. 
mdcoclxii. * 6 D 
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As might be anticipated, the spectra of the more volatile metals are the most intense — 
those of bismuth and antimony, of cadmium, zinc, and magnesium being especially 
remarkable in this respect. 

A certain similarity is also observable in the spectra of allied metals, as in the case of 
the three metals last mentioned, also in those of iron, cobalt, and nickel, of bismuth 
and antimony, as well as of chromium and manganese. 

It should further be observed that, in estimating the apparent length of the different 
spectra, considerable difficulty is frequently experienced owing to the extremely faint 
impressions which the most refrangible rays commonly occasion ; in some experiments 
this portion of the spectrum with the same metal appears to be longer than in others 
made under apparently similar conditions. 

28. Platinum. — The characters of the spectrum of platinum are feebly marked. The 
atmospheric lines are well developed. It is important to remark that the continuous spec - 
trum which forms the background to all the metallic spectra in their less refrangible por- 
tion, appears to be due to the oxygen and nitrogen of the atmosphere. Between 96*5 and 
103 6 this spectrum is intense, and is crossed by a strong pair of compound lines followed 
by three strong groups of lines, ending in two other groups, each successively of less in- 
tensity than the preceding ones. At 107 5 is a well-defined line, and a strong band at 
110-5. Three others, nearly equidistant, follow at 114, 117-3, and 121-7: at 137 and 
138*2 are two faint lines, and beyond these, at 142 5, is a very faint pair of lines. All 
these are atmospheric lines. The true metallic spectrum of platinum (Plate XXXIX. 
fig. 5) gradually fades out with a series of groups of dots, and terminates at about 162. 

29. Iridium. — The spectrum of this metal, for a fine sample of which I am indebted 
to my friend Professor Wheatstone, scarcely differs sensibly from that of platinum. 
The lines apparently most prominent are atmospheric. (See Plate XL. fig. 44.) 

30. Palladium. — This spectrum is much more uniform in intensity than that of 
platinum. Besides the usual atmospheric lines, groups of dots commence at 103-5, and 
continue at irregular intervals. Four of the strongest of these groups occur at 138*6, 
143, 148, and 152-5, measuring at about the centre of each group. The spectrum ter- 
minates rather abruptly at about 162-5. (Plate XXXIX. fig. 6, & Plate XL. fig. 38.) 

31. Gold. — The spectrum of this metal has about the same degree of intensity as that 
of palladium, and it is almost exactly equal to it in length. Amongst its numerous 
lines, the most characteristic are two pairs of dots very close together at 124, and three 
groups of dots, commencing at 130*0, 143-5, and 153-5 respectively; the last is faint. 
(Plate XXXIX. fig. 7.) 

32. Silver. — The spectrum of this metal is very characteristic. It is intense for the 
first third of its length, then becomes much fainter, after which several remarkable and 
very strong groups of lines are observed, beyond which the impression disappears at 
170*5. The most conspicuous lines are a pair of double lines interrupted in the middle 
groups of dots rather strong, at 126-8, 129*0, and 131*0 ; between 140*5 and 144*6 are 
three very strong groups of dots. About 148 is another broad strong group; beyond 
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which, and terminating at about 159*5, is another strong triple group of dots, — the 
spectrum terminating at 170*5, with six nearly equidistant but rather faint groups of 
•dots * (Plate XXXIX. fig. 9, & Plate XL. fig. 39.) 

The strongly marked character of the spectrum of silver, and particularly the renewal 
of its intensity towards the more refrangible end, rendered it very appropriate for the 
purpose of testing the diactinic quality of different media ; and accordingly I have used 
it more extensively than any other metal in the experiments already detailed upon this 
subject. 

[33. Thallium. — The spectrum of thallium (for a specimen of which in a pure state I 
am indebted to the kindness of Mr. Crookes, its discoverer) is particularly interesting, 
as in its visible portion it is remarkably simple, the single intense green line being the 
only one visible, even when heated in the intense flame of the oxyhydrogen jet. When, 
however, the sparks of the secondary coil are transmitted, not only do new lines make 
their appearance in the visible spectrum, but also in the extra-violet portion, and the 
complex impression shown at Plate XL. fig. 45 is developed. This character of its 
spectrum f separates thallium from the metals of the alkalies. In the less refrangible 
portion are two strong groups of lines at about 103 and 106 ; three other groups occur 
at 116, 121, and 126 respectively, the two first less intense, the third of about the same 
strength as the first pair of groups. Several feebler pairs of dots follow ; and the spectrum 
terminates with four nearly equidistant groups, commencing respectively at 136, 141, 145, 
and 151 : the first of these groups is very strongly marked, the others are fainter but of 
nearly equal intensity. — Feb. 1863.] 

34. Mercury. — Experiments were made with this metal by soldering a platinum wire 
into a small glass tube which was filled with mercury and connected by means of the 
platinum wire with one end of the secondary wire of the coil ; the other electrode con- 
sisted of a platinum wire. The spectrum obtained exhibited few lines, excepting those 
due to the mercurial electrode. The never-failing nitrogen line, 110*5, was evident ; but 
there were numerous strong lines due to the mercury, the most distinct of which are 
those at 104, 114*5, 117*5, 119*0, 122*5, 131*0, 138, 156, 159, each of the two last 
forming a strong broad group of dots, the last group terminating the spectrum at 161*0. 
(Plate XXXIX. fig. 10.) 

35. Lead. — This spectrum is very strong for rather more than one-third of its length ; 
it then diminishes in strength, until the action ceases almost entirely at 146*5 ; at about 
161 it is renewed abruptly by a strong group of dots, which terminate the spectrum at 
162*5. The lines in this spectrum are numerous and complicated. It exhibits an 
at 109*5 and 111*5, equidistant from the nitrogen line 110*5; beyond this are three 
intense triple group of dots between 122 and 125, and two other strong groups at about 
130 and 132. (Plate XXXIX. fig. 11.) 

* In one or two instances, when using bromiodized collodion, I saw a very faint series of groups prolonged 
as far as 190*0. 

f Proceedings of the Boyal Society, January 1863, vol. xii. p. 407. 

6 D 2 
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36. Copper. — The spectrum of this metal is considerably prolonged. The intensity 
of the light from copper points is liable to vary considerably during the course of an 
experiment, being apparently much influenced by the slight changes of form experienced 
by the electrodes in consequence of the action of the discharge upon them. In these 
experiments I always used thin sheets of electrotype copper. The most marked lines in 
the spectrum of copper arc the following: viz., two close together at 111*7 and 112*3; 
these are followed by three strong nearly equidistant groups of dots at 128, 136*5, and 
146*7 ; a very strong group appears at 156*7 ; and the spectrum ends at about 181*5, with 
a series of much fainter groups. (Plate XXXIX. fig. 12, & Plate XL. fig. 40.) 

37. Tin. — The spectrum of this metal shows at 107*0 and 112*5 a pair of strong double 
dots, at 114 another dotted line, at 118*0 a strong double line; characteristic groups 
of dots commence at about 122*0 and 129*5 ; between 130 and 134 it exhibits three 
strong groups, followed by several well-marked pairs of dots to about 154, after which 
it terminates rather abruptly by four nearly equidistant faint groups at about 163. 
(Fig. 13.) 

38. Bismuth. — This metal furnishes a strong and well-marked spectrum. Five pairs 
of dots show themselves between the line H and the nitrogen line 111*5; a strong pair 
is then seen at 115*3, followed by five strong groups, each of which is triple ; the first of 
these is the most intense ; these are followed by an intense group, which terminates at 
122*0 ; beyond these the spectrum is continued by a numerous and intense series of 
groups of dots, particularly at 143 and 157, and terminates at about 158. (Fig. 14.) 

39. Antimony. — The spectrum of antimony is also very characteristic. A triple series 
of groups of dotted lines commences at about 104*5 ; the nitrogen line at 110*5 is very 
intense; at 113 is a strong double line followed by seven or eight intense groups of dots 
which terminate at about 138*5 ; at 150*5 is a group of moderate intensity ; and the last 
traces of lines disappear at about 104*0. (Figs. 15 & 41.) 

40. Arsenic. — The characteristic dotted lines of this spectrum commence at 115*0 ; a 
series of groups occur very close together, ending at about 129*0 ; then follow six 
fainter irregular groups ; and the spectrum terminates abruptly with three very strong 
groups — the first two of which nearly run into each other, succeeded by an interval, the 
last group ending at 155. (Fig. 16.) 

41. Tellurium. — This spectrum is highly characteristic. It exhibits a close series of 
dots, commencing at about 106, and terminating by a very strong group at 147*5. There 
is then a complete blank, till at 156 another group is seen, then an interval, and the 
spectrum terminates abruptly with a well-defined group at 168*6. (Fig. 17.) 

42. Tungsten. — This spectrum is not very intense. It shows a double dotted line at 
114, and a stronger one at 125 ; it is prolonged by a distinct series of dots to about 
145, and fades out at about 168. (Fig. 19.) 

43. Molybdenum. — The spectrum of this metal resembles that of tungsten, but is 
more intense. It is prolonged by a very faint termination to about 157. (Fig. 20.) 

44. Chromium shows a group of dots at 106*0, then a strong line at 114*5, then 
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three intense groups of dots between 122 and 131, beyond which it gradually fades till 
it is lost at 160*0. (Fig. 21.) 

* 45. Manganese . — This spectrum is well-marked. A double group of dots appears at 

107, then five strong groups of dots and lines between 119*4 and 135*5 ; the first is the 
most intense, and the last group is broad and complicated : beyond this the impression 
becomes gradually fainter, and disappears at about 152*0. (Fig. 22.) 

46. Iron . — The spectrum of iron is intense, particularly in the more refrangible portion. 
Between 113 and 124 are three diffused groups of dots of moderate intensity; at 126 
is a very intense group ; then a series of numerous intense groups of dots, which termi- 
nate at 154 ; at 155*5 a series of fainter groups recommences, and fades away at 
about 162. (Fig. 23.) 

47. Cobalt — The spectrum of cobalt is very like that of iron in its general appear- 
ance ; but it shows two or three rather strong groups of lines between 106 and 109 ; an 
increase of intensity commences at about 128, and is continued in a series of groups of 
very strong dots, the most intense of which are situated between 134 and 147 : the 
spectrum terminates rather suddenly at about 103. (Fig. 24.) 

48. Nickel. — This spectrum is not so intense as either that of iron or of cobalt, but it 
is like them in its intensity being greater near the more refrangible extremity (fig. 25). 
It is a very long one, extending to about 190, and exhibits an arrangement of groups of 
dots at its more refrangible end, resembling that of silver, but prolonged much further. 

49. Cadmium. — This is a striking spectrum. The action is accumulated into intense 
bands with perfectly dark intervals. Two broad strong groups of lines occur at 105 
and 107, then two other compound bands or groups of dots, one on each side of the 
nitrogen line 110*5 ; beyond this are two fainter lines, then at 118 and 121 two broad 
groups of dots, frequently prolonged into lines ; at 126*3 a very strong group of dots, and 
another at 133*5 ; beyond this an almost entire cessation of action till it is resumed by 
three groups of dots, the first and last of which are the strongest in the entire spectrum. 
These groups commence at 149*5 and terminate at 155*5 ; beyond these are two other 
detached groups at 162*5 and 167, where the spectrum terminates abruptly. (Figs. 26 
& 42.) 

50. Zinc . — This spectrum is equally characteristic with that of cadmium. Between 
109*5 and 112*5 is an intense double group of eight or nine distinct lines, then several 
well-marked lines in the interval between these and another double group, which com- 
mences at 125. An interval of diminished action follows; and then between 135 and 
140 are two intense groups, the strongest in the spectrum. These are followed by a 
few feeble groups of dots, after which is a complete interval ; and the spectrum termi- 
nates with four groups of equidistant lines, the first commencing at 167*5, the latest 
terminating at 183. (Fig. 27.) 

51. Magnesium. — This is another remarkable spectrum. An intense group of lines 
commences at 101 ; at 115 a bright group of dots is seen, and between 119 and 126*5 
are three remarkably intense groups of lines: the first of these comprises at least four strong 
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lines, the second group three, and the third consists of eight or ten separate lines. This 
last is the most intense group that I have met with in the course of these experiments. 
Beyond this the spectrum is prolonged by a faint tail, which is strongest along the edges,' 
and nearly vanishes midway between them ; this tail disappears a little beyond 150. 
(Fig. 28.) 

52. Aluminum . — This spectrum exhibits a characteristic group of dots at 106, another 
at 115*5, followed by others at irregular intervals as far as 155, beyond which no im- 
pression is visible. I have frequently repeated this experiment, as Professor Stokes 
informs me he that sees in the spectrum of aluminum lines which are beyond the limit 
of the zinc-spectrum, when the aluminum-spectrum is received upon a screen of uranium 
glass, or of a particular phosphate of uranium ; but either the collodion plate is 
insensitive to rays of this extreme refrangibility, or, as I believe, the quartz prism 
which I employ begins to fail in transparency at about the end of the zinc-spectrum. 
(Fig. 29.) 

53. Sodium . — The lines exhibited when sodium is employed appear to be mainly 
atmospheric; the usual nitrogen line at 110*5 is, however, developed into a bread band 
or group of nine or ten distinct lines, and the other atmospheric lines are very well 
marked; the spectrum is prolonged into a faint nearly continuous band at about 156, 
when it ceases to be visible. (Plate XL. fig. 47.) 

54. Potassium . — The spectrum produced by potassium presents the same appearances 
as that of sodium, both being apparently only atmospheric (tig. 46). 

[55. Lithium . — The spectrum of this metal differs from those of the other alkali- 
metals in presenting a single well-marked group of dots at about 123 ; it is prolonged into 
a tail, which resembles that of magnesium, and fades out at about 150. (Fig. 48.) — 
Feb. 1863.] 

56. It is unnecessary to give any details of experiments made with electrodes one of 
which consisted of one metal and the other of a different metal. Under these circum- 
stances the lines starting from the side corresponding to each metal are identical with 
those furnished by the particular metal. This mode of making the experiment is 
therefore frequently convenient when it is desirable to compare the spectrum of any 
given metal with another selected for comparison. When the difference in volatility 
between the two is extreme, as when platinum is opposed to mercury (fig. 10), it may 
happen that one spectrum only is seen, the lines starting from an edge of the photogra- 
phic impression, and terminating at irregular distances before they reach the opposite 
edge. 

b. Spectra of Alloys. 

57. The principal object of these experiments was to determine the influence which 
small amounts of foreign metals exercise upon the photographic image. When equal 
weights of the two metals are employed (tin and lead, for example, or cadmium and 
lead), a compound spectrum exhibiting the lines due to both metals is produced ; and it 
is not always the more volatile metal that predominates. An alloy containing 62 parts 
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of copper and 38 of zinc, gave a spectrum in which the lines due to copper predominated 
considerably. In an alloy of about 2 parts of zinc to 1 of cadmium the zinc-spectrum 
•was the most strongly marked. 

In another experiment an alloy of 990 parts of fine gold and 10 of fine silver was pre- 
pared ; on taking the spectrum obtained by an exposure of 10 minutes, a distinct but 
feeble impression of the more refrangible lines due to silver was procured (see fig. 8). 
A contamination of gold with silver to an extent not exceeding 1 per cent, could there- 
fore be recognized by this means ; but prolonged exposure was necessary in order to 
develope the lines due to silver. An analogous result was obtained when the spectrum 
of plumbago was taken. In this case, in addition to the atmospheric lines, the spectrum 
of iron was distinctly impressed : the total amount of metallic iron in the plumbago was 
3*94 per cent. Graphite deposited in the gas-retorts, which contained 0*23 per cent, of 
iron, gave very feeble indications of iron. On the other hand, no indication of iron was 
observable in the spectrum of brass which contained 023 per cent, of iron, nor was lead 
indicated in brass which contained 0-7 per cent, of this metal. 

58. All the foregoing spectra were obtained cither from the metals in their uncombined 
form, or else from their alloys. The electric spectra of a few other metals which admit 
of being submitted to experiment in their isolated form, still remain to be added. A 
considerable proportion of the. metallic elements, however, are not included in the fore- 
going list. These it is almost impossible to examine, except in the form of some of 
their saline or other compounds. As, however, this portion of the inquiry is attended 
with some peculiar difficulties, I shall defer what I have to add upon this subdivision 
of the subject to a future occasion. 

§ 4. PHOTOGRAPHIC EFFECTS OF ELECTRIC SPECTRA OF DIFFERENT METALS PRO- 
DUCED BY TRANSMITTING THE SPARKS THROUGH GASES OTHER THAN 
ATMOSPHERIC AIR. 

59. In making experiments upon the influence of various gases upon the spectra of the 
electric spark, the arrangement of the apparatus was modified in the following manner : 
— The position of the slit, prism, lens, and camera was the same as in the preceding ex- 
periments (6); but the metallic electrodes were enclosed in a stout glass tube, shown at 
half its real size in Plate XL. fig. 49. a is the tube itself, b a hole drilled through the 
side of the tube, which upon this side is ground flat in order that it may be closed air- 
tight by the thin plate of polished quartz c. This plate is kept in its place by means 
of an elastic band, d, d are brass forceps screwed into the brass plugs c, e, for holding 
the electrodes. The ends of the tube are closed by the brass plugs 6, e, which are 
ground to fit the ends of the tube, and are pierced by small brass tubes for the con- 
veyance of the gas. An elastic band, passing from one end of the glass tube to the 
other, keeps the brass plugs in their place. The tube is then connected with a gas-holder 
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filled with tlfe gas under experiment (or, when practicable, the gas is disengaged during 
the experiment), and, after the apparatus has been connected with the induction-coil and 
adjusted in its proper position, a slow current of the gas at the atmospheric pressure is* 
transmitted, the excess of gas as it passes out of the apparatus being conveyed into the 
chimney or out of the window by a suitable, arrangement of tubes. 

A simpler apparatus was admissible when the wires could, like those of platinum or 
of iron, be soldered into glass. Fig. 50 shows this modification. A piece of tubing a, 
about an inch and a half long and half an inch in internal diameter, is united at each 
extremity to a piece of quill tubing e, e ; the wires d, d are then soldered through its 
sides. A portion of the wide tube is ground away as at b, leaving an opening to which 
the quartz plate c can be applied, and kept in its place by small rings of caoutchouc. 
The gas was transmitted througli the tube as in the other form of apparatus. 

60. In one or other of these modes the following gases were submitted to experi- 
ment: — hydrogen, carbonic acid, carbonic oxide, olefiant gas, marsh-gas, cyanogen, 
sulphurous acid, sulphuretted hydrogen, ammonia, protoxide of nitrogen, nitrogen, 
oxygen, chlorine, and hydrochloric acid. 

The general results of these experiments on the invisible rays are in harmony with 

o 

those already obtained for the visible ones by MM. Angstrom *, Alter*}*, and Flicker 
The conclusions at which I have arrived may be thus summed up : — 

1. Each gas tinges the spark of a characteristic colour ; but no judgment can be formed 
from this colour of the kind of spectrum which the gas will furnish. 

2. In most cases, in addition to the lines peculiar to the metal used as electrodes, new 
and special lines characteristic of the gas, if elementary, or of its constituents, if com- 
pound, are produced. When compound gases arc employed, the special lines produced 
are not due to the compound as a whole, but to its constituents. 

3. The lines due to the gaseous medium are continuous, not interrupted or broken 
into dots. 

61. Hydrogen. — The spectrum of the spark taken in this gas is not characterized by 
any new lines. The most remarkable effect is the disappearance of the atmospheric lines, 
together with the great lowering of the photographic intensity, whether the metal 
employed be platinum, gold, silver, copper, iron, or zinc. It is interesting to observe 
that the characteristic lines of highly oxidizable metals, such as iron and zinc, are visible 
in hydrogen, though the impression on the plate throughout is very greatly reduced in 
intensity 

62. Carbonic Acid and Carbonic Oxide. — The lines contained in the spectra of these 
two gases are identical ; new lines characteristic of carbon occur in addition to the lines 
due to the nature of the metallic electrodes. The same lines are visible when other 
compounds of carbon, such as olefiant gas, marsh-gas, and cyanogen, are employed. The 

* Pooqekdobff’s Annalen, 1855, Bd. xciv. S. 141. t Silliman’s Journal, 1855, vol. xix. p. 218. 

% PoooExnoBFr’s Annalen, 1859, Bd. evii. 8. 497. 
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most characteristic lines in the spectrum of carbon are the following : — At JL23 a strong 
line, a weaker one at 127, two strong compound lines at 138 and 140, and ap. intense 
compound line at 153. 

With carbonic acid the special spectrum of silver appears much intensified. Some of 
the lines which appeared as dots in air are continued across the spectrum in carbonic 
acid. In carbonic oxide the intensity of the spectrum is less than in air ; and this contrast 
between the two gases may be observed whatever be the nature of the metallic electrodes. 

Fig. 35 exhibits the spectrum obtained between platinum points in carbonic acid. 
Fig. 36 shows the spectrum from gold points in carbonic oxide. Unfortunately in the 
Plate the figure is given a little too much to the right of its true position for accurate 
comparison with the spectrum above it ; but the principal lines will at once be recognized 
as coinciding, if allowance be made for this displacement. 

^3. Olefiant Gas . — Some difficulty is experienced in observing the spectrum of this 
gas, owing to the copious deposition of carbon which occurs immediately that a current 
of sparks is transmitted. The nature of the electrodes employed seems to exert consi- 
derable influence upon this decomposition. It is extremely intense when aluminum 
electrodes are used, but comparatively slight with gold. Observations made when gold 
electrodes were employed exhibited a spectrum which could not be distinguished from 
that of carbonic acid or of carbonic oxide. 

64. Marsh-gas . — Sparks pass freely in this gas. The spectra obtained with gold and 
copper electrodes cannot be distinguished from those of the same metals in carbonic acid 
and carbonic oxide. A scanty separation of carbon occurs during the passage of the 
spark. This is particularly evident when copper electrodes are used, the bluish light of 
the metallic spark being frequently accompanied by reddish yellow scintillations : the 
deposition of finely divided carbon upon the quartz plate on the side of the gas-tube 
impairs the intensity of the photograph. 

65. Cyanogen . — A difficulty was experienced in this case also in obtaining intense 
photographs, particularly when silver electrodes were employed ; a rapid deposition of a 
brown matter, probably paracyanogen, took place upon the interior of the tube. When 
copper electrodes were used, the light of the spark was sometimes of an intense green, at 
others of a pale blue. The photograph showed the particular lines due to carbon as 
well as those of nitrogen, and the special lines due to the metallic electrode employed. 

66. Sulphurous Acid . — This gas offers unusual resistance to the passage of the electric 
sparks, the electrodes requiring to be brought very close to each other before the 
disruptive discharge passed freely. This difference in the power of different gases to 
modify the striking-distance has already been examined by Dr. Faraday*. A strong 
spectrum was obtained with gold wires: it terminated abruptly at 11 3 5, a single spot 
of renewed action appearing at 143*0. This result is due no doubt to the absorbent 
action of the gas,* which has been already shown in a former section of this paper (18) to 
be one of the least diactinic of gaseous bodies. In this form of experiment the stratum 

• Philosophical Transactions, 1838, p. 103. 
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of gas traversed by the rays before they entered the air amounted to about half an inch 
in thickness. 

67. Sulphuretted Hydrogen. — This gas also offers considerable resistance to the passage 
of the electric spark. It is decomposed by the spark with deposition of sulphur. When 
gold electrodes arc used, it furnishes lines resembling those of the same metal in air. 
With silver electrodes the gas was decomposed very rapidly, and no lines were produced 
beyond 113*5, the absorbent action of the gas being strongly manifested. 

68. Ammonia. — Sparks pass in this gas as freely as in air ; the spectrum of each metal 
is the same as in nitrogen ; no new lines are visible in the photograph. Most of the 
atmospheric lines are distinct. 

69. Protoxide of Nitrogen. — The electric sparks pass in this gas with much greater 

difficulty than in air. The spectrum appears to be the same as that produced in air, 
and no new lines are apparent in the photograph. ^ 

70. Nitrogen. — The spectrum of this gas, when gold or platinum electrodes are used, 
commences with a pale continuous spectrum, which slowly diminishes in intensity ; this 
continuous spectrum appears to increase in intensity with the volatility of the metal, 
being well-marked in the case of magnesium, sodium, and potassium : at about 151 it 
terminates abruptly. The spectrum of nitrogen is crossed between 96*5 and 100 by 
two strong double lines; it shows an indistinct line at 108*5, a strong one at 110*5, 
three feeble lines at 113*5, 118, and 122, a faint band at 138, and another at 150. 
Fig. 33 shows the lines obtained from platinum points in nitrogen. 

71. Oxygen. — This gas was obtained from black oxide of manganese heated Math 
sulphuric acid. It gave, after purification by passing through a solution of caustic soda, 
lines identical with many of those obtained in atmospheric air. When the gas con- 
tained traces of carbonic acid, the lines due to the compounds of carbon were distinctly 
visible in the impressed spectrum. With platinum electrodes and with pure oxygen a 
feeble, nearly continuous spectrum extends to about 122*5 ; it also contains numerous lines 
extending as far as 142*5 ; beyond that, the impression is more feeble, terminating at about 
156. The principal lines due to the gas are the following: — A broad line about 100, 
then two faint lines, beyond which, at 101*5, is a double line; a strong complex group at 
103*5 ; a feebler one at 105*5; one rather stronger at 107*5; a double group of consider- 
able strength at 112 ; another stronger at 114 ; between 116 and 119 is a group of six 
rather faint lines ; after this there are no prominent lines until 138*2 and 141*5 ; at 
153 is a strong compound line, and beyond this only the dotted lines of platinum are 
seen. (Fig. 32.) 

72. Chlorine and Hydrochloric Acid give spectra which can scarcely be distinguished 
one from the other. With platinum points these spectra terminate by an abrupt band 
at 156*5. Their most marked features are a strong compound band at 96*5, and one still 
more marked at 100 ; then two lines, of which the first at 103 is the stronger, followed 
by two others, of which the second at 108*5 is the stronger: several fainter lines follow 
these lines. A group of six between 126 and 133, the most marked of which is a broad 
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band terminating at about 130. Several faint lines intervene between this # and another 
brood band at 140, followed by several others less distinctly defined. (Fig. 34..) 

I attempted to obtain the spectra of iodine and bromine by employing a current of 
*hydriodic and liydrobromic acid ; but the results were not satisfactory. It is very diffi- 
cult to maintain a steady current of sparks through these gases, and not easy to keep 
up a continuous current of the pure.and dry gases, which are immediately decomposed 
by the passage of the electric spark, with extrication of dense fumes of iodine or of 
bromine. 
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XXXV. Further Observations on the Distribution of Nerves to the Elementary Fibres of 
Striped Muscle. By Lionel S. Beale, M.B., F.B.S., Professor of Physiology and 
of General and Morbid Anatomy in King's College , London; Physician to King's 
College Hospital. 

Received June 13, — Read J uno 19, 1862. 

Thebe are two views with regard to the peripheral distribution of nerves, which arc quite 
incompatible with each other. According to one, it is supposed that nerves end in the 
tissues to which they are distributed, by free extremities ; while the other doctrine is, that 
free ends or extremities do not exist, and it is supposed that the fibre, after perhaps a 
very long and circuitous course, is connected with the nervous centre from which it 
emanated. If this be so, every nerve-cell, central and peripheral, must have at least two 
fibres proceding from it, must be bipolar or multipolar. Both these views cannot pos- 
sibly be true. 

That nerves terminate in ends or free extremities is the opinion of many Continental 
observers, and of late years this, view, it may almost be said, has been generally received 
by anatomists. 

The loops and plexuses described by the older observers have since been proved not 
to be terminal. Some of the fibres forming what appears to be a loop, have been seen 
to divide into finer branches, and these, after having been traced for some distance, become 
very thin, and a^e gradually lost. This change occurs abruptly in some situations, but 
in others a more gradual attenuation is observed. 

In some tissues pale fibres have been traced a short distance beyond what appears to be 
the end of the dark-bordered fibres. But, it will be shown, the dark-bordered fibres 
differ so very much in diameter, that some of the thinnest are so very fine as scarcely to 
be distinguishable with very high powers, and in parts they very closely resemble some 
of the so-called pale fibres. In young animals the fibres corresponding to the dark-bor- 
dered fibres closely resemble the pale fibres of fully formed animals. In no tissue has 
it been more confidently stated that nerves terminate in free ends than in voluntary 
muscle ; and although some differences of opinion exist as to the precise manner in which 
the nerves end, the existence of these ends is supported by the testimony of so many 
observers, that it is now almost regarded as an anatomical fact which is settled beyond 
question. 

Yet it may be said that, as plexuses, loops, and networks * of very fine fibres in young 

• In using the term network, I do not mean to imply that fine nerve-fibres unite with each other after 
the manner of capillaries, but merely that the bundles of fibres are arranged like networks. The fibres 
composing the bundles do not anastomose. In lace the appearance of a network of fibres is produced ; but 
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tissues are represented by networks and plexuses of coarser fibres in adul$* tissues, and 
as plexuses of coarse and fine fibres may be seen in the adult tissues at all periods of 
life, it is only reasonable to assume the existence of networks composed of fibres so very' 
fine as scarcely to be visible by the highest powers we possess, and so delicate as to be 
destroyed by the most careful manipulation, or to become disintegrated almost imme- 
diately after the death of the animal. All argument, however, must give way to obser- 
vation ; and even if the results of observation are incompatible with conclusions previously 
regarded as true, the new facts must be received, and our inferences must be modified * 
accordingly. But, on the other hand, it will be admitted, in an anatomical inquiry like 
the present, that there may be the greatest difference of opinion as to the actual demon- 
stration. The ends which one observer may consider to be natural terminations, by 
another may be held to be merely apparent ends , depending upon our being unable to 
see the continuation of the fibre in consequence of its extreme tenuity. The importance 
which all observers attach to the process of preparation they follow, is alone sufficient to 
show that the appearances produced are very different according to the manner in which 
a specimen is examined; and further, it is quite certain that many points to be readily 
demonstrated by one process, arc quite invisible when another plan is followed. This is 
one explanation of the many conflicting statements as to facts of observation. 

In a paper published in the Philosophical Transactions for 1860, 1 was led to conclude 
that many of the so-called connective-tissue corpuscles observed upon the muscular fibres 
were connected by very delicate granular fibres nearly as wide as the corpuscles, but 
only to be seen in specimens preserved in fluids which refracted very highly ; and I also 
satisfied myself that these fibres were continuous with the nerve-fibres ; and I stated that 
the nerve-fibres ramified with the capillaries external to the sarcolemma. My conclusions 
were terribly at variance with those of other observers ; for not only was I compelled to 
infer (1) that the nerve-fibres formed, as it were, a network over the muscular fibres, but 
(2) that every muscular fibre was supplied with nerves throughout its entire length. It 
is usually maintained, 1st, that nerve-fibres terminate in free ends on the muscle; 2nd, 
that nerve-fibres only come into contact with the muscular fibre at very distant points : 
so that while the fibre, or the entire muscle, is freely supplied with nerves at one 
situation, the greater part is altogether destitute of nervous supply. 

The Views of KtiiiNE and Kollikeb. 

Since my paper was published, an elaborate memoir on the ‘Peripheral Organs at 
the ends of the Motor Nerves ’ has been written by KDhne ; and the same inquiry formed 
the subject of the Croonian Lecture delivered a month since by Professor Kollikeb. 

The conclusions of both observers are quite opposed to my own. KAhne and Kol l ik e b 


every apparent thread is composed of several, each of which pursues a complicated course, and forma but 
very small portion of the boundary of any one single Bpace. In Plate XLI. fig. 6 a nervous network exists 
but each cord is compound, and composed of numerous fibres which never anastomose. 
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agree as to 'the existence of free ends. The* former maintains that these are situated 
beneath the sarcolemma, and are connected with peculiar organs; -the latter, that the 
•free end® lie upon the surface of the sarcolemma. Kolliker has failed to demonstrate 
the special organs described by KWhne. Both observers agree that the muscular fibre 
receives but a limited supply of nerves, and that the supply is limited to one part of 
the muscle. 

As these observers have worked upon the muscles of the frog, I shall restrict myself 
entirely to the consideration of the distribution of the nerves to the muscles of this 
animal, and mainly to the particular muscle which these and most German observers 
have studied, viz. the thin pectoral muscle. 

In many of K (June's drawings a pale band as broad as (or broader than) the dark- 
bordered fibre is represented in continuity with it. The outlines of this band are irre- 
gular ; and in some places it is much wider than in others. This band is five or six 
times as wide as many fine nerve-fibres which I have seen ; and it will be shown that a 
fibre of the width of these pale fibres in the tissues of the frog generally, is a long 
distance from its finest divisions. The same observer makes the nerves of insects termi- 
nate in a collection of granular matter within the sarcolemma. 

1. The Distribution of Dark-bordered Fibres not so limited as generally supposed. 

With regard to the distribution of the dark-bordered fibres to voluntary muscle, I 
would remark 

That, although some muscles appear to be very sparingly supplied with dark-bordered 
nerves, the fibres of certain muscles (for example, the inferior muscle of the eye of the 
frog) are crossed by bundles composed of two or more fibres at intervals of about the 
fiftieth of an inch *. The distribution of nerve-fibres to the pectoral muscle is by no 
means so limited as would appear from cursory examination. It is clear that many 
branches, resulting from the division and subdivision of some of the large dark-bordered 
fibres, supply the elementary fibres near the centre of the muscle ; and to some muscular ■ 
fibres four or five of the branches resulting from the subdivision appear to be distributed. 
These branches divide on the surface of the elementary muscular fibres, but their sub- 
divisions gradually become too fine to be followed. Some branches divide and subdivide 
into very fine fibres, which are lost amongst the connective tissue upon and between the 
muscular fibres. But it must not be supposed that all the nerve-fibres of the bundle 
are arranged thus ; for many pursue a much longer course. Bundles composed of two 
or three dark-bordered fibres leave the large trunk and pursue a long course obliquely 
across the surface of the muscle. The fibres of each trunk divide and subdivide ; an<f 
many of the branches which result reach almost to the extremities of some of the ele- 
mentary muscular fibres. Many pass between the muscular fibres, and, after pursuing a 

* The muscular fibres of the diaphragm of the mouse ore grossed by bundles of dark-bordered fibres at short 
intervals along their whole length, and nerve-fibres may be seen at the points where they are inserted into 
the central tendon. 
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very long course, gradually become finer by division, and at last terminate in a lax net- 
work of fine fibres which pass in and out between the muscular fibres ; while some of 
the subdivisions are distributed to the elementary muscular fibres, like the set Sf fibres 
first alluded to. It appears, therefore, that in various -parts of the muscle, not merely 
near its centre, but also on some of the fibres near their insertions, branches of dark- 
bordered fibres can be seen to become suddenly attenuated and give off very fine fibres 
which divide and subdivide on the surface of the sarcolemma, becoming gradually finer 
until lost, or they leave the surface of the elementary fibre and are lost in the inter- 
muscular connective tissue — and other fibres, which gradually become attenuated and, 
after very numerous divisions, terminate in a network of fine fibres which may be traced 
for a long distance amongst the fibres of connective tissue, between or upon the ele- 
mentary fibres. Many of the bundles of dark-bordered fibres above alluded to can 
only be detected in well-prepared specimens which have been soaked for some time in 
glycerine, so that the muscular fibres may be separated from each other without rupture 
of the nerve-fibres or capillaries. 

Again, numerous branches of nerve-fibres, composed of two, three, or four dark-bordered 
fibres, may be seen ramifying and dividing near the tendinous extremities of the muscular 
fibi es of the mylo-hyoid muscle of the frog. Several branches can be followed from 
the central tendon as far as the central part of the fibres ; and often very fine fibres can 
be seen passing amongst the fibres for some distance and forming networks or plexuses. 

But there is another fact against the view that the nerves are distributed to only a 
very small portion of the elementary muscular fibres of the frog. In certain parts of 
the pectoral muscle new muscular fibres are being developed, as Kolliker has men- 
tioned, and here in a comparatively small space may be seen elementary fibres varying 
very much in length and diameter. The thickest of these narrow fibres, according to 
my measurements, are often not more than the aooo th of an inch in width, and the 
thinnest not more than the th of an inch in diameter : some are as long as the 

other muscular fibres ; but often single spindle-shaped fibres with two or three nuclei, or 
more elongated fibres the nuclei of which have divided so as to form a row of perhaps 
ten or more, may be found. A large nerve-fibre, generally composed of two large dark- 
bordered nerve-fibres in the same sheath, with finer fibres, can be followed to the oval 
swelling situated amongst the ordinary muscular fibres ; and one or two dark-bordered 
fibres leave the swelling to be distributed on more distant muscular fibres. The dark- 
bordered fibres divide, and their branches pursue a very tortuous course in the oval 
swelling, so that one cannot be followed for any great distance ; but fine fibres may be 
seen passing in either direction, and running parallel with the thin growing muscular 
fibres. Not unfrequently 1 have seen these nerve-fibres become so fine that they cannot be 
followed far ; but their course can be traced by their nuclei for a considerable distance. 
In many instances branches of other nerve-fibres pass to these narrow muscular fibres at 
a point between the oval swelling and the points of insertion of the fibres. The oval 
swelling itself consists of very young muscular fibres in various stages of development. 
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and nerve-fibres. .My observations therefore agree in the main with those of Kolliker, 
who has stated that at these oval swellings the development of new muscular fibres takes 
'place in* the fully formed muscle. Upon comparing the above description of these very 
interesting bodies (‘ nerve-rtufts ’) with that of Prof. Kolliker, some most important 
differences will be noticed. After describing the very fine transversely striated muscular 
fibres which exhibit the ‘ peculiar swellings with the coiled nerve,’ he says, “ in the 
situation of the swelling the finer component fibres of the bundle cling fast together, 
even after the operation of the alkali (strong solution of potash) ; and a certain amount 
of striated granular uniting matter is found between them, which may be partly 
the remains of fine nerve-fibres and capillaries, and some accompanying connective 
tissue.” Prof. Kolliker next states it as his opinion that the fine muscular fibres are 
generated by the division of thicker muscular fibres, and suggests that “ the nerve-tufts 
arise from a simultaneous growth and division of the nerve-fibie belonging to the parent 
muscular fibre, in order that each of the young muscular fibres may obtain its branch of 
nerve.” In my specimens there is no evidence of the very fine muscular fibres being 
formed by the splitting of a coarser fibre. On the contrary, every fine fibre seems to be 
developed from nuclei, and to grow in two directions from the oval swellings. With 
these developing muscular fibres arc young nerve-fibres ; and the latter seem to be carried, 
as it were, upon the muscular fibres as their length increases. The oval swelling exhibits 
a most beautiful and elaborate structure, which is not shown in Prof. Kolliker’s 
drawings *. The minute anatomy of these ‘ nerve-tufts ’ will form the subject of 
further investigation. Not only do dark-bordered nerve-fibres proceed from the oval 
swelling and pass to their distribution to fibres at a distant part of the muscle, but fine 
fibres may be followed in some cases almost throughout the entire length of those very 
fine muscular fibres, many of which are often equal to the ordinary fibres in length. 
These very fine nerve-fibres divide into branches as they pass parallel to the muscular 
fibre ; and transverse branches can be seen crossing the fibre at short intervals (Plate 
XLIV. fig. 30). 

From these observations I think it probable that the muscular fibre is supplied with 
nerves in its entire length, and that the branches form a lax network of very fine fibres 
on the surface outside the sarcolemma. As the muscular fibre increases in size, the finest 
branches of the nerve are more difficult to demonstrate; and the accumulation of 
connective tissue external to them increases the difficulty of our seeing these very fine 
delicate fibres ; for it is certain that many active nerve-fibres are much finer than is 
generally supposed, certainly less than ^^---th of an inch in diameter. 

2. The fine Fibres extend further than KWhne and Kolliker have traced them. 

With reference to the free terminations of KUhne, Kolliker and others, it may be 
remarked, — 

1. That as it is admitted that the nerve-fibre undoubtedly extends beyond the last 

• Proceedings, No. 50, fig. 4, p. 78. 
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nucleus (Plate XLI. fig. 1, after KtliiNE, figs. 2, 3 a, b), it is possible, and indeed probable, 
that it is continued onwards for a greater distance than it has been followed in KUhne’s 
specimens. As a rule, it becomes too delicate and transparent to be traced further than' 
has been represented in my drawings (figs. 14, 16, 18, 19) ; but I submit that the evidence 
adduced in favour of these ends being actual terminations of the nerve-fibres is very far 
from conclusive. Capillaries, when stretched and torn, give rise to a very similar appear- 
ance; and it is not uncommon to find an undoubted capillary vessel which gradually 
becomes fainter and fainter until every appearance of it is all but lost, and this even when 
the tube remains quite perfect. I have proved this in the case of capillaries, distributed 
to muscle, which had been injected with prussian blue injection, and so stretched that the 
injection was removed from the tube for a certain distance. In this space the vessel could 
not be recognized, and all that could be seen was a faint granular appearance. We 
therefore cannot conclude that nerve-fibre or capillary ceases, merely because we cannot 
follow it in certain specimens beyond a certain point. It may exist but be quite invisible. 

2. In various tissues to which nerves are abundantly distributed, the appearance 
represented in fig. 3 a is common. This looks as if the fibre extended from the 
nucleus in opposite directions ; while the common appearance, represented in fig. 3 c, in 
which two fine fibres are seen running together, is strongly in favour of the view that very 
fine nerve-fibres run for a considerable distance beyond the point at which the dark- 
bordered fibre can be demonstrated, without terminating in ends. It will be observed 
that the fine fibres represented in my figures aro not one-sixth of the diameter of 
Kuhne’s terminal fibres ; and I have seen many fibres much finer than those represented 
in fig. 3. 

3. The finest nerve-fibres visible by the highest powers can often be proved to divide 
into two fibres, by tracing them to the point where they pass into a fibre running at right 
angles (fig. 4 a a). 

4. I have some preparations of the bladder of the frog, in which very distinct networks 
composed of very fine nerve-fibres are readily seen. One of these, magnified by a power 
of 1700 diameters, is shown in fig. 6. This, it might be remarked, is not completely 
conclusive in favour of nerves forming circuits ; for it is possible that fibres may diverge 
from the bundle with which they run and end in free extremities or in small cells, as 
represented in fig. 6. Numerous observations are against this view ; and I regard certain 
nuclei from which two or three fibres pass in different directions (figs. 2, 3, a , b) as the 
peripheral and active portion of the nerve-fibre in all cases. Even in the case of the finest 
fibres, when a nerve joins another branch running at right angles it, fibres are given 
off which pursue opposite directions (apparently pursuing opposite courses), towards 
the centre, and towards the periphery. 

5. With regard to the size of the finest nerve-fibres, I have traced fibres from true dark- 
bordered nerves which are certainly less than the &0 *-— th of an inch in diameter, and 
these are probably composed of more than two fibres. Still finer fibres of this description 
have been traced to and from ganglion-cells. The connexion between such very fine 
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fibres and definite dark-bordered fibres has been demonstrated in many situations 
(tongue, heart, peritoneum, muscular fibre, and very clearly indeed in the bladder of the 
‘•frog). I have convinced myself that in many of the ganglion-cells of the frog (abdominal 
cavity, ganglion on posterior roots of the nerves, heart, bladder) one fibre springs from 
the central part of the cell, while other fibres are in connexion with its circumference. 
The latter fibres very frequently are arranged spirally around the central fibre. As 
already stated, many of the finest fibres are less than the Q ^ 000 th of an inch in diameter. 

It will be said that these fine fibres are composed of connective tissue ; but I shall show 
that the fibres resulting from the subdivision of those which are the direct continuations 
of the dark-bordered nerve-fibres exhibit the same characters, and can be distinguished 
from the fine fibres of yellow elastic tissue. Very many fine fibres which are undoubted 
nerve-fibres, and which form plexuses and networks, have altogether escaped observa- 
tion, and their nuclei have hitherto been considered as belonging to the connective tissue. 
The fine nerve-fibres I have described cannot be seen in specimens immersed in water, 
or in solutions which refract like water. 

The Division and Subdivision of the Dark-bordered Fibres. 

The numerous divisions and subdivisions of the dark-bordered nerve-fibres have been 
described and figured by various observers ; but it is necessary to give new drawings of 
some of these fibres, as their arrangement has not been accurately delineated, and the 
presence of very fine nerve-fibres in the sheath external to the white substance has not been 
admitted. Fig. 11, Plate XLII. shows that the dark-bordered fibres, even in the trunks, 
may become so thin as scarcely to be visible as distinct fibres by the ^ th of an inch object- 
glass. One of the fibres resulting from the division of a may be traced towards the 
right, and at d becomes so thin that it might be easily overlooked, and if recognized 
would be regarded by most authorities as a fibre of connective tissue in the sheath of the 
nerve. 

Often a fibre resulting from the subdivision of a dark-bordered fibre is seen to pass 
towards another dark-bordered fibre, and run parallel with it for some distance. This 
arrangement, which exists in the larger fibres, and which is figured in my last paper, is 
also observed in the finer ramifications. The terminal dark-bordered fibre very gradually, 
or more or less abruptly, becomes finer, and divides into two fine fibres ; but there is no 
termination or cessation of the white substance, as described by KUhne, who states that 
the white substance ceases at the sarcolemma, while the axis cylinder only is continued 
onwards as a pale fibre beneath the sarcolemma. Kollikee states that, “ besides the 
axis cylinder, they are furnished with a prolongation of the membranous sheath ; indeed 
l have seen this so clearly in a great many favourable instances, that I can have no doubt 

on the point But whilst it is easy in most cases to perceive the membranous 

sheath and its enclosed matter distinct from each other at the commencement of the 
pale fibres, yet in their further progress these structures coalesce together, and the 
terminal fibres then appear as uniform pale filaments.” 
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My specimens lead me to the conclusion that near the periphery the axis cylinder of a 
nerve-fibre cannot be distinguished as a separate structure from the white substance. 
The axis cylinder and the white substance seem to be, so to say, incorporated together 
to form the terminal part of the dark-bordered fibre. The dark-bordered nerve-fibre 
gradually becomes narrower as we approach its ultimate distribution, and it is resolved into 
several fine fibres ; blit even in threads which are so fine as only to be scarcely v»ible the 
material appears to be of the same composition as the thicker parts of the fibre, and by 
the slow action of acetic acid globules of fatty matter are set free (Plate XLI. figs. 7, 8, 
& 9). I cannot but think that the very abrupt cessation, or sudden breaking off, of the 
white substance indicated in some of Kuiine’s drawings is due to the pressure of the thin 
glass upon the surface of the specimen, which renders comparatively large dark-bordered 
fibres quite invisible at the point where they cross the convexity of the muscular fibre-. 

The white substance often diminishes in diameter rather abruptly, but it never ceases 
in the manner Kuhne has represented* ; ond I have never seen any appearances which 
lead me to conclude that the axis cylinder is prolonged independently of the white sub- 
stance ; nor do I think that “ here and there at least a thin layer of the white substance 
extends along the pale fibre, ” as Kolliker remarks. 

The ultimate Distribution of the Nerves in the Cutaneous Muscle from the Breast of the Frog. 

Let me now describe more particularly the results of my own observations on the 
ultimate distribution of the nerves to the muscular fibres of the frog. The fibres resulting 
from the division of the dark-bordered fibres, which to low powers appear terminal, are 
often seen to pass over the surface of a muscular fibre, and then become either suddenly 
attenuated, or gradually thinner as they cross in succession several elementary fibres of 
the muscle, or pursue a longitudinal course in the intervals between two fibres. In both 
cases they often give off several branches. In the drawings of Kuiine the outline, of the 
pale fibres is irregular, and their precise connexion with the dark-bordered fibre is not 
clearly indicated. In Plates XLII. & XLIII. figs. 11, 12, 13, 14, 15, & 17, it is seen that 
the dark-bordered fibre divides into two branches, and each branch may be followed for 
some distance as a definite but very narrow line (less than —^—th of an inch in dia- 
meter). This appearance is constant, and exists in every ‘ terminal * fibre. Nuclei are 
connected with these fine ‘ terminal ’ fibres, which are but the extension of the dark- 
bordered fibres ; and nuclei are also seen at intervals imbedded in the substance of the 
highly refracting matter of which the dark-bordered fibres are themselves composed. 
These nuclei are always to be found imbedded in the white substance near the finer 
divisions of the dark-bordered fibres (Plates XLI.-XLIV. figs. 8, 9, 11, 12, 14, 18, & 31). 
Around the fine fibres prolonged from the dark-bordered fibre, may be traced for some 
distance what appears to be the outline of the sheath (Plates XLII.&XLIII. figs. 18&16); 

* The thickness of the dark-bordered fibre just before it divides, as for example in the case of a fibre in 
fig. 13, Plate XLII., is often increased by the shortening caused by the contracted state of the muscular 
fibre at the time of preparation. 
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but these lines may often be seen to divide and subdivide into several very line fibres, 
which may run with the prolongation of the dark-bordered fibre, or at once diverge 
‘'from it (Plate XLIII. figs. 17, 18, & 19 ; Plate XLIV. fig. 31). 

Not unfrequently very fine fibres can be traced external to what appears to be the 
Outline of the sheath of the nerve, and these form, with the fine fibres already described, 
a ‘ pale fibre.’ The band or pale fibre divides into smaller bundles, and the fibres com- 
posing them gradually become so fine as to be invisible. Nuclei exist in connexion with 
the finer fibres which I have described, as well as in connexion with the prolongations of 
the dark-bordered fibres (Plate XLII. figs. 13, 14, & 15). Here, as elsewhere, some fibres 
appear to be connected with the nucleus, while others pass round it on one side (Plate 
XLI. figs. 2, 3 c). Sometimes fibres pass on both sides of the nucleus. The pale bundles 
of very fine fibres often give off branches, and these again divide into finer bundles, pro- 
ducing the appearance of a network (Plates XLII. & XLIII. figs. 13, 14, 15, 16, & 17), 
the meshes of which vary much in diameter. Very often several nuclei are seen at 
the point where the dark-bordered fibre divides. A very confused appearance often 
results from the number of nuclei and fibres. As already stated, in specimens examined 
in aqueous fluids which do not refract highly, it is not possible to trace the course of 
the separate bundles of fibres and their connexion with the nuclei ; but in specimens 
mounted in glycerine, examined with high powers, the bundles of fine fibres can be 
separated from each other and- followed (Plate XLIII. fig. 21). Some appear to come 
from the sheath, or are external to it ; and others result from the division of the dark- 
bordered fibre (Plates XLII. & XLIII. figs. 15 & 17). The nuclei and fibres can be very 
readily demonstrated near the trunks of the dark-bordered fibres, and the network can 
often be seen in the same situation, but it is not easy to trace the course of the delicate 
fibres over the muscular fibres for any great distance. The large nerve-fibres prevent the 
finer ones from being ruptured; but at a distance from the coarse fibres, there being nothing 
to protect them, the very delicate fibres are generally destroyed by the necessary mani- 
pulation, or rendered invisible by the pressure of the thin glass. I have, however, seen 
such a network very distinctly on the side of some muscular fibres, upon which numerous 
branches from an adjacent nerve could be traced at intervals for the distance of about 
one-hundredth of an inch. Indications of the existence of such a network (the nuclei 
being perfectly distinct) are not unfrequently seen in many parts of the same elementary 
fibre. Nuclei and fine fibres, resembling those which have been shown to be in connexion 
with nerve-fibres, can often be seen just at the edge of a muscular fibre, and very fre- 
quently a true nerve can be traced, running for some distance near a capillary, and giving 
off branches with nuclei which are gradually lost on the surface of the muscle or 
amongst the connective tissue. As these branches pursue the course described, they can 
hardly be vascular nerves ; and there are besides them other branches which lie closer to 
the vessel, which are probably of this nature. The distribution of very fine fibres can 
sometimes be traced by the course of the nuclei. In certain cases, in which no fibre 
connecting nuclei can be detected when the specimen is first prepared, a fibre afterwards 
mdccclxii. 6 a 
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becomes quite distinct. As I have succeeded in following Very fine compound fibres for 
a considerable distance as they passed amongst several adjacent muscular fibres, I feel 
satisfied that many apparent ends result from the fibres becoming too delicate to be fol-'' 
lowed beyond this point Very slight pressure of the thin glass renders even dark-bor- 
der edfibres quite invisible ; and very moderate stretching renders undoubted nerve-fibrea 
so very fine that they cannot be seen, or, if they remain visible, all characters which 
would enable us to identify them as nerve-fibres are completely lost. But even if no 
such appearances as those I have just referred to existed, it would be more in accordance 
with what we have learnt from many investigations, to conclude that the fibres really 
extend further than we are able to follow them, than to assume that they absolutely 
cease at the point at which, having very gradually become finer and finer, they are no 
longer visible to us. Moreover, as I have already stated, dark-bordered fibres are to be 
demonstrated in all parts of the muscular fibre, even upon the tendon near its connexion 
with the muscular fibres. It is hardly likely that this distribution of coarse fibres over 
the general surface of the muscles should be associated with a very partial and unequal 
distribution of the fine fibres which result from their division. As the broad pale fibres 
described by Kuhne are really composed of several fine fibres (Plates XLII. & XLIIL 
figs. 14, 16, 18, & 20), which are often connected by transverse branches so as to form a 
network, and as the fine compound fibres gradually become finer and finer until they 
cease to be visible, it is still more improbable that what appeared to him and Kollikeb. 
to be ends should be real natural terminations, than if the arrangement had been as 
KUiine has described it It seems therefore to me that the only inference which can be 
drawn from the facts demonstrated is, that the nerves terminate in a network : but there 
are still two modes of arrangement possible with regard to the distribution of this network. 

1. It may be confined to one part of the muscular fibre. 

2. It may extend down the fibre throughout its entire length. 

It is true that the network (Plate XLII. figs. 13, 14) which is so readily demonstrable 
near the plexus of the dark-bordered fibres very soon becomes so faint as to be lost. The 
meshes are smaller near the large branches of nerve-fibres than further away, and it is at 
this point that the rupture of the fibres takes place when the muscle is caused to contract 
violently soon after death. There is therefore no doubt that the fibres of the pectoral 
muscle receive a greater supply of nerve-fibres near their central part than nearer their 
extremities ; but it is quite certain that the supply of nerve-fibres is not limited to this 
portion of the muscle. 

Although I have never been able to demonstrate uninterruptedly the fibres of such ft 
network over more than the -rfojth of an inch of a fully-formed fibre of the breast-muscle 
of the frog, I have succeeded in doing so several times in the case of fibres undergoing 
development, and about the Winrth of an inch in diameter (Plate XUV. fig. SO). Upon 
these I have seen such a network, and I consider that the evidence in favour of the 
existence of a network extending from one end to the other of the muscular fibre of 
the voluntary muscle of the frog, though by no means equally distributed over every part 
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of the fibre, is so strong as to justify me in concluding that such an arrangement is actually 
present. If the nature of the tissue under examination be considered, and the extreme 
‘’delicacy of the nerve-structure which has actually been demonstrated be fairly taken into 
account, no surprise will be felt that the network has not been actually demonstrated 
throughout the entire length of the large elementary muscular fibres of the frog. The net- 
work of fine fibres I have described exactly corresponds in its arrangement with networks 
which are demonstrated with comparative facility in the palate, bladder (Plate XLl. fig. 6), 
peritoneum, cornea, skin, and other situations in the frog. In the heart and tongue, 
networks also exist, but the fibres are very fine, and the meshes are wider. The network, 
composed of very fine fibres, lies on the same plane as the capillary vessels, and just upon 
the surface of the sarcolemma. The fine nerve-fibres often lie very near to the capillaries. 

The capillaries and the fine nerve-fibres with their nuclei are connected together by a 
membranous tissue so thin and delicate that its existence can only be proved after it has 
been coloured, or when some foreign particles have adhered to it. That it is, at least 
in some places, distinct from the sarcolemma , is easily proved in the muscles of the frog, 
in which animal the sarcolemma is very thick, as it can be stripped off leaving the sar- 
colemma. I have some specimens in which the muscular tissue has been withdrawn, 
from the tubes of the sarcolemma, so that the nerves can be seen very distinctly. From 
a part of the surface the thin membrane with nerves and capillaries has been withdrawn, 
leaving the sarcolemma uncovered. In some specimens, on the other hand, the finest 
nerve-fibres and their nuclei seem in absolute contact with the sarcolemma, and appear 
to be adherent to or connected with it ; and I incline to the opinion that some of the 
nuclei which appear imbedded in the sarcolemma are connected with the nerve-fibres. 

The pale fibres described by KUhne and Kollixer are compound, and are composed 
of many very fine fibres, and they divide into bundles of fine fibres which form a network. 
Each ‘pale fibre’ consists (1) of a very fine fibre prolonged from the dark-bordered fibre, 
and (2) of very fine fibres continuous with those in the sheath of the nerve. The fibre 
which is the immediate prolongation of the dark-bordered fibre, as well as the fine fibres 
amongst which it runs, can be followed to nuclei* and often a lax network can be traced. 
The dark-bordered fibres are all continued as very fine fibres ; and the subdivisions of 
these, a short distance from the dark-bordered fibre, are too thin to be measured, even 
when examined by the highest powers made. The subdivisions of all nerve-fibres pass 
into fibres which have hitherto been included with the fibres of connective tissue. 

The same arrangement with regard to the distribution of the nerve-fibres is observed 
here as elsewhere. The fibres of the network are composed of numerous very fine fibres. 
Not one individual fibre can be followed for any distance ; but certain delicate fibres can be 
traced from one compound fibre to another, in precisely the same manner as the coarser 
fibres can be followed in a plexus. In fact, from all that I have observed in examining the 
finest branches of the nerve-fibres in various tissues, I cannot but conclude that the gf 
disposition of these finest fibres is the same as that of the coarser trunks and fibres. 
In passing from the trunks towards the ultimate distribution, it nought be said that we 

6 g 2 
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meet with finer and still finer plexuses — the finest visible fibres being probably com* 
posed of more than a single fibre. , 

The chief differences observed between the arrangement of the nerves in the muscular*' 
fibres of the mouse, described by me in the Philosophical Transactions for 1860, and those 
of the frog, are, that the fibres are much finer in the latter than in the former, and the fibres 
themselves, and the nuclei in connexion with them, are much more abundant and closer 
together in the mouse than in the frog. The position of the fibres with regard to the sar- 
colemma and the muscular tissue, and their relation to the capillaries, is the same in both. 

I now pass on to the consideration of the fine fibres connected with the nerves, and 
often seen running in the sheath with the dark-bordered fibres, which have already been 
alluded to in this paper. These fibres have been regarded as fibres of connective tissue, 
but they have not been carefully studied. The evidence in favour of these being real 
nerve-fibres is as strong as that upon which the nervous character of the fine fibres, 
which are the direct prolongations of the dark-bordered fibres, rests. 

Fine Nerve-fibres imbedded in the Sheath. 

The following observations are of the greatest importance with regard to the general 
question of the mode of distribution of nerve-fibres. 

As a dark-bordered nerve crosses the muscular fibres, it often gives off several very fine 
branches. In Plate XLIII. fig. 19 a nerve is represented from which two branches are 
seen to proceed and divide upon the surface of the same muscular fibre, and other 
branches are given off a short distance from the point at which these branches leave the 
trunks. These fibres are not connected with those portions of the dark-bordered fibres 
seen in the figure , although their arrangement exactly corresponds with the fine fibres 
prolonged from the dark-bordered fibres. Compare the fibres marked b,bi n fig. 19 with 
b in figs. 13 & 14. These fine nerve-fibres are very numerous. They often run parallel 
with the dark-bordered fibres for some distance, perhaps cross them several times, divide 
and give Off fibres which pass off in different directions. The line which appears to be 
the outline of the tubular membrane of nerve-fibres near their periphery, is frequently 
found to consist of two or more very fine fibres, which are in many instances connected 
with nuclei, which, it is generally believed, are the nuclei of the tubular membrane. I 
have specimens in which five or more very fine fibres can be demonstrated between the 
dark-bordered fibre and the outline of the tubular membrane (Plate XLI. et seg., figs. 7, 

8, 9, «, 11, 15, 18, 21, 24, 25, 26, 27, 28, 29, & 31). These branches leave the trunk at 
intervals and pass to their distribution, or pursue their course with other fibres. Usually 
two or more pass off at the same point ; and in the rare instances in which one fibre 
passes by itself to its distribution, one can never feel confident that it is really single. 

In those fortunate specimens in which it can be followed for a short distance, it can be 
wen to divide into two branches which pursue opposite courses ; and very often at the 
point of division a third fibre can be seen. 

The fine fibres I have described are very numerous near the point of distribution of the 
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nerves (Plate XLIY. figs. 27 & 28), and are to be seen in relation with almost all the 
dark-bordered fibres, distributed not to muscle only, but to the tissues of the frog generally 
(palate, peritoneum, intestines, skin, heart, tongue, liver, kidney, &c.). I have also seen 
fine fibres corresponding to these in the mouse, and believe ‘them to exist in vertebrate 
animals generally ; but being so very delicate, they are more difficult to demonstrate in 
mammals than in the frog. These fine fibres distributed on the muscles of the frog 
cannot, by any peculiarity in their appearance, be distinguished from the fine fibres 
which are in direct continuity with the dark-bordered fibres. It has been shown that in 
many cases, especially in the muscles of the eye, and in those of young frogs generally, 
and in the palate of the frog at all ages, dark-bordered fibres can be traced, gradually 
becoming finer and finer until the fibres are too thin to be followed. Some of these 
fine fibres running in the sheath of the nerve, result from the division of the dark-bor- 
dered fibres (Plate XLII. fig. 11 d), but it is doubtful if all have this origin. At the 
same time there are many appearances I have seen in various peripheral nerves which 
are much in favour of this view. I shall be able to express myself more confidently 
on this question when the researches upon which I am engaged are completed. A great 
number of these fine fibres with nuclei, running in the same sheath with dark-bordered 
fibres, are represented in Plate XLIV. fig. 28, from the bladder of the frog; but they are 
much more numerous in this organ than in connexion with the dark-bordered fibres dis- 
tributed to striped muscle. I have seen these fine fibres divide in the same direction, 
that is from centre towards periphery, as the coarse fibres; so that in the trunk of the 
nerve there arc dark-bordered fibres which divide as they pass towards the periphery, and 
finer fibres which divide as they pass in the same direction. In the bladder of the frog 
there are large bundles of fine fibres passing in the same sheath with the ordinary dark- 
bordered fibres, as well as numerous trunks composed of fine fibres alone ; but in this 
organ there are many ganglia connected with these fine fibres ; so that it is doubtful if the * 
fine fibres I have described in connexion with the muscular nerves are of the same 
character as the fine fibres in the bladder of the frog. The bundles of fine fibres ramifying 
in the same sheath with the dark-bordered fibres distributed to the bladder have certainly 
no connexion with the dark-bordered fibre ; but, on the other hand, it is certain that 
some of the fibres we have been considering are continuous with dark-bordered fibres. 

It has been assumed by many observers that a fibre which exhibits the refractive 
power peculiar to the white substance can alone be regarded as a true nerve ; and the 
point beyond which the white substance cannot be traced has been looked upon as the 
termination of the nerve. Although pale fibres have been recognized in certain 
situations, and their continuity with dark-bordered fibres traced, still the general idea 
seems to be that all true nerves exhibit the dark contours. The pale fibres described 
by KttHNE as lying beneath the sarcolemma, and by Kolliker upon this membrane, are 
regarded as the terminations of dark-bordered] fibres with which they are continuous. 
These pale fibres, which are composed of many fine fibres and have been traced so short 
a distance from the dark-bordered fibres in^ certain instances, are, in my opinion, only 
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the commencement of that portion of the nerve-fibre which influence* the nmele and 
corresponds with the fim fibres composing the network in the bladder of the frog (Plate 
XLI. fig. 6). From what I have seen of the distribution of nerves to tissues generally, I 
feel convinced that the really important phrt of the peripheral nerve-fibres, by which the 
various tissues under the control of the nervous system are influenced, really only com- 
mences at the point where. the white substance seems to cease. Beyond this point, and 
continuous with the dark-bordered fibres, there is a most extensive system of fine fibres 
with which nuclei are connected The fibres are compound, and the arrangement of 
the bands is such as to produce the appearance of a network, in the meshes of which 
the active elements of the tissue are situated. 

The relation of Nerve fibres to the Connective Tissue of Muscle. 

I have shown that the network of delicate compound nerve-fibres on the surface of the 
muscular fibres is continuous with certain fibres and nuclei which seem to belong to the 
connective tissue around the muscular fibres (p. 892). This connective tissue is thicker 
in old animals than in young ones, and may be regarded as constituted mainly of the 
remains of a structure which was active at an earlier period of life. These remarks do 
not in any way apply to the fascia of a muscle, but only to the indefinite connective tissue 
beneath it, and in close contact with the sarcolemma and between the muscular fibres. 

Many of the fibres delineated by Kuhne in fig. 15, plate 4 of his memoir, and termed 
by him fibres of connective tissue, are made exactly to resemble the pale nerve-fibres ; 
and their nuclei are of the same size. The fibres of ‘ connective tissue ’ (1) which leave 
the sides of the dark-bordered fibres represented in his drawings do not accord at all with 
appearances I have seen, which are much more positive. KUhne gives a nucleus lying 
outside the white substance with indefinite fibrous tissue proceeding from it In my 
^specimens such a nucleus is seen continuous with definite fibres in the ‘ matrix ’ external 
to the white substance (Plates XLIII. & XUV. figs. 17, 28, & 31). From the nucleus 
definite fibres can often be traced in opposite directions ; and on one side of it three or 
four fine fibres may often be demonstrated (fig. 31). It is unnecessary here to repeat the 
various arguments that have been adduced in favour of the view that these fibres are 
veritable nerve-fibres, and not mere connective tissue. This important question is 
decided by some preparations I have made showing the distribution of the nerves in the 
bladder of the frog * ; and I am sure it will be admitted, at least by those who have seen 

• Kollikeb, speaking of the distribution of the nerves, says, M The same mode of termination as in the 
heart (very fine pointed extremities) prevails in the non-striated muscular tissue of the pharynx and bladder 
of the frog.” I have fully investigated the arrangement of the nerve-fibres in the bladder of the flog, and 
have given drawings of the appearances I hare observed in this paper, and also in No. XII. of the * Archives 
of Medicine/ I can follow the finest nucleated fibres for long distances ; but they always pass to other fibres, 
and never terminate in any ends that I can discover. In many situations there is a network with compara- 
tively small meshes, as represented in Plate XLI. fig. 0. Amongst the delicate striped fibres of the auricle of 
the heart of the frog I have also seen bundles of very fine fibres forming networks with large meshes j but 
I have never seen ends, and feel sure that free ends do not exist in these tissues. 
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specimens, that the appearances represented in the drawings accompanying this 
paper are incompatible with the conclusion that all the fine fibres I have described are 
merely fibres of connective tissue. 

Since it has been shown that many of the oorpuscles in the connective tissue between 
the muscular fibres, and in other situations which are usually considered to be connective- 
tissue corpuscles, are really connected with the nerve-fibres, and that the quantity of the 
connective tissue increases as the muscle advances in age, it remains for those who still 
maintain that this indefinite connective tissue is a structure developed specially for the 
support or nutrition of higher tissues, to explain, according to their view, its absence 
when the tissues are undergoing most active changes, during development, and when 
they are softest and therefore are in greater need of support, and how and at what 
period it comes into relation with the nerve-fibres, — why it is more abundant on the 
muscles of the tongue and diaphragm of the mouse than on the muscles of the limbs,— 
and many other facts which I have considered elsewhere, and which appear to me to be 
not only strongly opposed to this view of the origin of this form of connective tissue, but 
incompatible with it*. 

In adult animals the connective tissue is too thick to permit our seeing the arrange- 
ment of the very much more delicate nervous structure beneath it ; and the difficulty is 
further increased by the circumstance that the light must first traverse the muscular fibre 
itself The relation of the nerves to the sarcolemma remains constant ; but the connective 
tissue exists in greater quantity and is firmer and more fibrous in old than in young 
muscles, and forms a fibrous stratum external to the nerve-fibres. If we attempt to tear 
off this connective tissue in order to see the nerve-fibres beneath it more distinctly, we 
almost invariably tear away the nerves and vessels also ; for these structures are undoubt- 
edly connected with the connective tissue. 

It seems to me that many of the appearances observed receive at least a partial * 
explanation from the following considerations. The muscle grows, gradually, until it 
attains perhaps twenty times the size it exhibited in the young frog. That part of the 
nerve-fibre which in the young animal might be said to be terminal, would in the larger 
muscle correspond to trunks from which branches were given off in different direction* ; 
and fibres and nuclei which were in contact with the muscular fibres would be removed, 
as the muscle grew, further and further away from the sarcolemma, but they would still 
be connected with the new fibres and nuclei which are developed just external to thin 
membrane. Thus we should have a quantity of tissue composed of modified nuclei and 
wasted nerve-fibres which would accumulate as the muscle advanced in growth, and 
through which many of the nerve-fibres would be seen to pas*. Many of these nuclei 
and fibres having been originally continuous with the nerve-fibres would still retain 
connexion with them, but this connexion is not necessarily a physiological one. 

Other explanations might be offered, but I desire now only to draw attention to ^the 
fact that a U nerve-fibres at their periphery are continuous with exceedingly delicate 
• ** The Structure of the Simple Tissues,** Lectures VI. and VII. 
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fibres which have hitherto been regarded as belonging to connective tissue, but which 
differ from very fine yellow elastic fibres in their granular appearance, in their mode of 
branching and the curves which they form, in refractive power, and in the alteration 
resulting from the prolonged action of dilute acetic acid*. 

It seems quite possible'that complete nervous circuits may exist, and the delicate fibres 
of the plexus may be connected with delicate fibres from the branches of nerve-fibres 
ramifying in the connective tissue. Although nuclei (connective-tissue corpuscles) 
appear to be connected with the nerves in great number, it by no means follows that all 
these are instrumental to the action of the nervous system f. The nerve-currents would 
of course pursue the shortest route, and as the position of the fibres must become altered 
in consequence of the development of new ones, some would no longer be traversed 
by the nerve-current. The nuclei would slowly alter but would still retain a certain 
anatomical connexion with the fibres, and might still absorb a certain amount of nutrient 
matter and slowly produce a low form of fibrous tissue. 

Many fine bundles of fibres, and fibres which appear to be single, with nuclei con- 
nected with them at short intervals, may be seen ramifying in the indefinite connective 
tissue in all parts of the frog. The fine fibres are generally considered to be fibres of 
yellow elastic tissue, and the corpuscles are all included under the head of ‘ connective- 
tissue corpuscles’. These fibres may be readily followed (especially on the palate, 
cornea, and bladder) to undoubted nerve-fibres, and it would not be possible to distin- 
guish one of these fibres from the fibre which is the direct continuation of the dark- 
bordered nerve-fibre in muscle. I am therefore forced to conclude cither that nerves 
terminate in ‘connective-tissue fibres,’ or that this form of connective tissue itself 
results from changes occurring in nerve-fibres and the nuclei or cells which take part 
in their formation. As this form of connective tissue always exists where nerve-fibres 
are distributed — as it increases in quantity, but at the same time becomes more con- 
densed as the tissue advances in age — as the meshes formed are smaller and less regular 
as we recede from the surface where nerves ramify — as the so-called fibres of yellow 
elastic tissue in connexion with the nerves become altered like the nerves themselves by 
the slow action of acetic acid, while other fibres more distant do not undergo this 
change, and as these facts have been observed, not in one organ or tissue, but in very 
many (palate, tongue, cornea, mesentery and other parts of the abdominal connective 
tissue, muscle, skin, pale muscular fibre), as well as in different animals, I venture to 
conclude that this so-called connective tissue lying immediately beneath sensitive surfaces, 
and around the elementary fibres of voluntary muscle, and in other situations where 
nerves are abundantly distributed, is not a tissue specially formed as a medium for con- 

* See some observations on the distribution of nerves to the mucous membrane of the epiglottis of man 
in No. XII. of the * Archives of Medicine.’ 

t Ktiuins has recently stated that the nerve-fibres are connected with the connective-tissue corpuscles of 
the cornea ; but I have some specimens which demonstrate that this view is erroneous. The nerve-tissue 
is always distinct from other tissues, and possesses its own masses of germinal matter or nuclei of formation* 
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necting or giving support to higher tissues, but results from changes occurring in the 
nervous tissue itself, and that the fine fibres of elastic tissue in indefinite connective 
tissue were actual nerve-fibres at an earlier period of life *. Thus a low form of tissue, 
which results from the natural changes taking place during the life and continual growth 
of the highest tissue, may form a basis of support for the latter. It becomes firmer as 
the organ or tissue advances in growth, but it does not exist at an early period of deve- 
lopment, nor is it a special tissue developed in a certain definite manner like tendon, 
true yellow elastic tissue, cartilage, muscle, &c. 

Conclusion s. 

1. In certain muscles of the frog the distribution of dark-bordered nerve-fibres is 
pretty uniform in every part. Although in the case of the pectoral a greater number of 
nerve-fibres is distributed to the central part of the muscle, fibres may be traced from 
the large bundle almost to the extremities of some of the muscular fibres. Many 
branches which easily escape observation pass between the muscular fibres and their sub- 
divisions and supply neighbouring fibres, or arc gradually lost in the connective tissue. 

2. Fine nerve-fibres are most easily demonstrated on the external surface of the 
sarcolemma near the nerve-trunks ; but reasons have been advanced in favour of the con- 
clusion that every elementary muscular fibre is more or less freely supplied with nerve- 
fibres throughout its entire length. Many of these fine nerve-fibres on the surface of 
the muscular fibre become gradually very faint, until from their extreme tenuity we are 
no longer able to follow them. 

3. Fine nerve-fibres in direct continuation with the dark-bordered fibres, and less than 
the -srril imth of an inch in diameter, have been seen to divide into finer branches which 
have nuclei in connexion with them. 

4. The pale fibres^ delineated by KilnNE and Kolliker, and by them considered 
single terminal fibres, consist of — 

a. Fibres about the ^-y^^th of an inch in diameter, or less, resulting from the 
subdivision of the dark-bordered fibre. 

b. Fibres resulting from the subdivision of fine nerve-fibres ramifying in the sheath 
of the dark-bordered fibre, or situated external to it. 

5. Nuclei are found in connexion with — 

a. The dark-bordered fibre itself, near its terminal ramifications. 

b. The fine fibres which are the direct continuations of the dark-bordered fibres. 

c. The fine fibres in the sheath, or external to it. 

6. The nuclei and delicate fibres above referred to are arranged so as to form net- 
works, the meshes of which vary much in size, situated with the capillaries on the 
external surface of the sarcolemna. The fibres of these networks are compound, find 
consist of finer fibres, which are distinct from, and do not anastomose with, each other. The 

• “ On the Distribution of Nerve-fibres to the Mucous Membrane of the Human Epiglottis,” in my 
‘Archives,’ No. XII. 1862 . 
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fine fibres continued from some of the dark-bordered fibres, as well as those ramifying in 
the sheath of the nerves, may sometimes be followed over six or more elementary muscular 
fibres, and form, with other fine branches, networks, many of the meshes being as wide 
as a muscular fibre. 

7. Fine nerve-fibres, with nuclei connected with them, exist (not unfrequently to the 
number of four or five) in the sheath of dark-bordered nerve-fibres near their distribu- 
tion ; and some are also found external to what appears to be the outline of the sheath. 
Some of these result from the subdivision of a dark-bordered fibre. These fine fibres and 
their nuclei have been included hitherto under the head of ‘ connective tissue.’ 

8. The connective tissue around the elementary muscular fibres, and in connexion with 
the nerve-fibres, is composed of — 

a. Nuclei which might have taken part in the formation of the nerve-fibres, but 
which have degenerated, and a low form of fibrous tissue has alone been produced. 

b. Fibres and nuclei which were once active and formed an integral part of the 
nervous system, but which have grown old, and have been replaced by new nuclei 
and fibres. 

c. The remains of altered and wasted vessels and nerve-fibres distributed to them, 
and perhaps wasted muscular fibres themselves. 

9. The nerves distributed to the voluntary muscles of the frog do not terminate in 
free ends, but there is reason for believing that complete nervous circuits exist. 

10. In all cases the fibres resulting from the division of the ordinary nerve-fibres are 
so fine that many cannot be seen with a power magnifying less than a thousand diameters, 
and there is evidence of the existence of fibres which could only be positively de- 
monstrated by employing a much higher magnifying power. It is probably by very 
fine fibres alone and their nuclei, that the tissues are influenced. The ordinary nerve- 
fibres are only the cords which connect this extensive peripheral system (which has been 
traced in different tissues far beyond the point to which the dark-bordered nerve-fibres 
can be followed) with the central organs of the nervous system. 

11. The facts and conclusions above stated, with reference to the distribution of nerve- 
fibres to the voluntary muscles of the frog, are in accordance with the arrangement of the 
finest nerve-fibres demonstrated in many other tissues of the same animal, and agree with 
many appearances observed by the author in connexion with the peripheral distribution 
of the nerves, not only in certain tissues of man and the higher animals, but also in in- 
vertebrate animals. 

12. The distribution of the finest branches of the nerve-fibres can only be demon- 
strated in tissues which have been immersed in fluids which refract highly, as syrup or 
glycerine. 
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Explanation of the Plates. 

The figures represented have been copied from specimens magnified with a twelfth 
(700 diameters linear) and a twenty-sixth (1700 diameters linear), made by Messrs. 
Powell and Lealand. All the figures, with the exception of figs. 1, 2, 3, 4, & 6 , have been 
carefully copied from nature. The relative sizes of the objects represented have been 
accurately retained. The dimensions of every object can be ascertained by measuring it 
upon one or other of the following scales ; so that in the text I have considered it super- 
fluous to insert the measurements. 

Many of the specimens will retain their characters for some time (probably two or 
three years at least), and can be examined by any one desirous of seeing them. Some of 
the drawings were traced from my drawings, on the wood blocks, under my immediate 
direction, others by myself. They were engraved by Miss Powell. 

1000th i 1 X700 

1000th i 1 xl700 


PLATE XU. 

Fig. 1. Terminal fibres beneath the sarcolemma, copied from KOhne’s paper. The fibre is 
as broad as the nucleus, appears smooth, and terminates in a pointed extremity. 

Fig. 2. Fine fibres with nuclei, as seen in many tissues of the frog, according to the 
author’s observations. The fine fibres delineated are less than the fe -- * A th 
of an inch in diameter, and often become so fine that they cannot be followed ; 
but the apparent terminations are not true ends. 

Fig. 3 illustrates the manner in which fine nerve-fibres with nuclei ramify at their 
distribution, a. A nucleus with a fibre passing from either extremity ; b, 
fine nerve-fibre branching ; c, two fibres running parallel to each other. 

Fig. 4. Fine nerve-fibres dividing at the points a a t where they meet another fibre, into 
two branches, which pursue opposite directions. 

Fig. 5. Network of nerve-fibres to show how the finest fibres might possibly terminate 
in free extremities or in nuclei, consistently with the existence of networks 
demonstrated by the author. 

Fig. 6. Network of nerve-fibres near the inner surface of the bladder of the frog ; each 
fibre is composed of a number of very minute fibres, which do not anastomose 
with each other. A dark-bordered fibre was continuous with the fibres of 
which this network is composed, at a point a little below the lowest fibre 
represented in the drawing. X 1700. 

Fig. 7. • Termination ’ of a dark-bordered fibre, showing its continuity with fine fibres 
arranged to form networks as in fig. 0. A fine fibre (a) is seen to run parallel 
with the terminal part of the dark-bordered fibre (b), This is also lost among 
other fibres of the network. The granular appearance of the fibres in this 
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specimen results from the slow action of acetic acid. This figure, and figures 
6, 8, & 9, show the relation of the fine fibres to the nuclei. X 1700. 

Fig. 8. Another terminal ‘ extremity ’ of a dark-bordered fibre. A similar fibre (a) is seen 
external to the dark-bordered fibre, as in the last and also in the next specimen. 
Four nuclei are seen, which exhibit their relation to the bundles of fine fibres. 

Fig. 9. Another terminal portion of a dark-bordered fibre. In figs. 7, 8, & 9 a nucleus 
is seen in the dark-bordered fibre as well as in connexion with the pale 
fibres. Figures 0, 7, 8, & 9 are from the bladder of the frog. 

Fig. 10. Portion of muscular fibre from the leg. Several dark-bordered fibres are seen 
enclosed in the same sheath ; and many of these are exceedingly thin, but evi- 
dently possess the same structure as the ordinary dark-bordered fibres. X 700. 

PLATE XLII. 

Fig. 11. Dark-bordered fibres. The nucleated dark-bordered fibre a is seen to divide 
into two branches. The one passing in the division which diverges to the 
right, rapidly becomes so very fine that it can hardly be followed as it runs 
parallel with another dark-bordered fibre and in the same sheath with it 
(under d). This very fine fibre, in direct continuity with the dark-bordered 
fibre, cannot be distinguished from the fine fibres seen in the sheath of the 
nerve on the left side of the specimen (at b), which leave the trunk and assist 
in forming a separate branch at c. From the pectoral. x700. 

Fig. 12, Division of dark-bordered fibre in the central part of the pectoral muscle of the 
frog. The fine fibres resulting from its subdivision may be followed for a 
considerable distance. Nuclei are connected with them at intervals, and the 
fibres are arranged to form a network. A more perfect example of this 
arrangement is represented in figure 43 (not published). This figure shows 
the course of the very fine fibre which is directly continuous with the dark- 
bordered fibre in certain cases. X 700. 

Fig. 13. Division of dark-bordered fibres on the surface of a muscular fibre, from the 
central part of the pectoral muscle. The muscular tissue having been removed 
from the tube of the sarcolemma, the delicate nerve-fibres can be distinctly 
seen on the external surface of this transparent membrane. The pale granular 
fibres, which are here and there connected by branches so as to form networks, 
are composed of the delicate fibres which are the immediate continuations of 
dark-bordered fibres {a and 5), and of finer fibres which are derived from those 
ramifying in the sheath or external to it Nuclei are connected with these 
fibres. x700. 

Fig. 14. Division and subdivision of fine dark-bordered fibres on the surface of muscular 
fibre, showing numerous fine fibres arranged in the form of a network, and 
nuclei. Two or three of the delicate compound nerve-fibres may be traced 
quite to the edge of the muscle. Pectoral muscle. X 700. 
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Fig. 15. Division of dark-bordered fibre with fine fibres ramifying in the sheath of 
the nerve. From the pectoral muscle. x700. 

PLATE XLIII. 

Fig. 16. Distribution of finest dark-bordered fibres on the surface of a muscular fibre 
from the pectoral muscle. At the edge of the specimen on the left, the deli- 
cate nerve-fibres are seen lying, not only upon the external surface of the sar- 
colemma, but at an appreciable distance from the outer surface. X 700. 

Fig. 17. Division of dark-bordered fibre and formation of fine networks. Pectoral 
muscle of the frog. x700. 

Fig. 18. Very fine nerve-fibres on the surface of the muscular fibre. From the pectoral 
of a young frog. Several of these fibres can be followed to the edge of the 
muscular fibre, where they are lost. X 1700. 

Fig. 19. Fine fibres from the sheath of the nerve, dividing and subdividing on the surface 
of two elementary muscular fibres. From muscle of the neck of the frog. 
X700 diameters. Compare the appearance of the fibres represented at b , b 
in the drawing, with fibres b in figs. 1G, 15, 14, & 20, which undoubtedly 
come from true dark-bordered nerve-fibres. 

Fig. 20. Division of dark-bordered fibre on sur face of muscular fibre. 

Fig. 21. Fine dark-bordered fibre, and fibres in sheath of the nerve, with nuclei. From 
muscle of the neck of the frog. X 700. 

Fig. 22. Fine fibres resulting from the subdivision of a dark-bordered fibre ramifying on 
a muscular fibre. Pectoral muscle. x700. 

Fig. 23. Division of dark-bordered fibres crossing a muscular fibre. 

PLATE XLIV. 

Fig. 24. Dark-bordered fibre and fine fibre in the sheath ruptured. From muscle of 
under jaw of frog. X 700. 

Fig. 25. Dark-bordered fibre and fine fibres, showing fibres crossing each other and 
forming very fine branches composed of several finer fibres. X 700. 

Fig. 26. Dark-bordered fibres and fine fibres in sheath between muscular fibres of the 
pectoral muscle of the frog. X 700. 

Fig. 27. Dark-bordered fibre, with fine fibres external to it, ramifying between the ele- 
mentary muscular fibres of the pectoral muscle of the frog, x 700. 

Fig. 28. Branching and division of dark-bordered nerve-fibre near terminal branches, and 
bundles of fine fibres. Several nuclei arc seen in connexion with both sets of 
fibres. From the bladder of the frog. At a the dark-bordered fibre becomes 
resolved into several fine fibres. X 7 00. 

Fig. 29. Fine fibres continued from a dark-bordered fibre, and the fibres in its sheath 
crossing a young muscular fibre, x 700. 

Fig. 30. Young muscular fibre from the pectoral muscle of the frog, near one of the 
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oral swellings. At a and b are seen the fine fibres which are continuous with 
the dark-bordered fibres. These are gradually lost amongst very fine fibres. 
The compound branches divide and subdivide on the surface of the muscular 
fibre. x700. 

C. Another fibre at a distance from the oval swelling, showing nuclei with 
very fine fibres ramifying upon the muscular fibres. X 700. 

Fig. 31. Dark-bordered nerve-fibre with fine fibres at the side of it These fine fibres 
appear in one part like the outline of the tubular membrane, but at a short 
distance they are seen to give off branches which pass with other fine fibres. 
It will also be observed that there is no corresponding line on the other side 
of the dark-bordered nerve-fibre in this case. From bladder of frog. x700. 

It will be doubted by some if the fine fibres I have figured are true nerve-fibres ; but 
it must be borne in mind, (1) that dark-bordered nerve-fibres divide into fibres as fine as 
these in the trunks of the nerves near their distribution ; (2) that fibres as fine as these 
form the direct continuation of dark-bordered nerve-fibres themselves; (3) that all dark- 
bordered nerve-fibres terminate in fine fibres which divide and subdivide into finer 
branches which run in company with fine fibres apparently derived from the sheath of 
the nerve or from fibres external to the sheath, but which are probably true nerve-fibres 
and, at least in some cases, arc themselves but the continuation of dark-bordered fibres 
which run for some distance in the sheath and then diverge. 
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XXXVI. Researches on the Development of the Spinal Cord in Man , Mammalia , and 

Birds. By J. Lockhart Clarke, F.R.S. 

Received May 29, — Read June 19, 1862. 

In the Philosophical Transactions for 1859, I showed that, in the adult spinal cord of 
Man and all vertebrate animals, the white columns as well as the grey substance are 
everywhere interspersed with granular nuclei, of which some arc attached to the sheaths 
of the primitive nerve-fibres, while others are imbedded in the intervening connective 
tissue. In the grey substance these nuclei are more abundant than in the white, and 
have much resemblance to many of the free nuclei or cells, which are certainly in con- 
nexion with nerve-fibres, and with which they are freely intermixed. With the hope 
of throwing some light on the histological relation between these and the other elemen- 
tary tissues of the cord, the following inquiries into then* development were under- 
taken. 

The histology of the development of the spinal cord in Birds and the higher animals 
had already been begun by Bidder and Kufffer*, and pursued a little further by 
Kolliker. The results of their investigations are comprised in the following statements : 

1. After the closing of the laminae dorsales, the cord at first consists of a canal, the 
walls of which are composed of cells of one uniform kind, and disposed in a radiating 
form. 

2. In the next place, this wall of cells divides into two layers, of which the outer 
forms the grey substance, while the inner one appears as the lining of the central canal. 

3. The white substance makes its appearance later than the grey, by the cells of 
which it is without doubt furnished as an outer layer or covering. The white columns 
are four in number, two on each side; and to these a white commissure is added. 
There are no lateral columns ; those which are so called are subsequently formed as an 
extension of the anterior columns f. 

The investigations of which I now communicate the results were made on embryos of 
the domestic fowl, of the Sheep, Pig, Ox, and Man. The fluid employed in the process 
of hardening was at first a weak solution of bichromate of potash, and then a similar 
solution of chromic acid. When sufficiently young, the embryos were immersed in 
the solution without mutilation ; but in the more advanced states of development the 
spinal cord was previously uncovered. 

* Untorsuchungen fiber die Textur des Rfickenmarks, und die Entwickelung seiner Formelemente. 
Leipzig, 1867. 

f Kollikeb, iSntwickelungsgescluchto des Menscben und der hoheren Thiere. Leipzig, 1861, pp. 259, 260. 
MDCCCLXII. 6 1 
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In a fcetal sheep nine lines in length, a transverse section was made through the 
spinal column and cord, at the upper part of the lumbar enlargement. The section of 
the cord was of an ovoid form, with its longer axis before-backward, but was somewhat' 
broader at its anterior than its posterior half (see Plate XLV. fig. 1). The grey substance 
occupied nearly the whole of its area, but formed an irregular outline which was not 
concentric with the surface of the section. The central canal was a mere slit or fissure 
extending backward and forward to near the surface of the grey substance, particularly 
at its posterior end. Around this fissure was a somewhat dark layer, which was broad 
along the sides, as well as in front, where it formed a nearly semicircular projection 
beyond the rest of the grey substance, and was covered externally by the rudiment of 
the anterior commissure (fig. 1, a). Posteriorly it reached quite to the surface of the 
cord, being hitherto uncovered by the white columns, and was joined to its fellow of the 
opposite side by a shallow bridge of the same kind of substance. "When examined by 
means of high magnifying-powers, this lay^r was seen to consist of closely aggregated 
nuclei connected together by a continuous network of short fibres. The nuclei in size 
were a little unequal, but their average diameter was about equal to that of the blood- 
globules. In shape, also, they were somewhat diversified from the round to the oval, 
the pyriform or the variously angular ; but were all intermingled without regularity or 
order. From the inner border of the layer, that is, from the verge of the canal, the 
fibres, although they formed an irregular network with the densely aggregated nuclei, 
had nevertheless a tendency to radiate outward to the rest of the grey substance. 
From the outer side of the layer, at its posterior extremity, a somewhat dark and curved 
process (£), forming the lateral boundary of the posterior grey substance, extended 
outward and terminated in a roundish but imperfectly defined mass (5')» midway between 
the anterior and posterior extremity of the section. This mass, however, was uninter- 
ruptedly continuous with the outer border of the layer surrounding the canal, as well 
as with the anterior grey substance, by means of a paler portion composed of similar 
material. The surface of the mass and concave surface of the process which joined it to 
the posterior extremity of the section were overlaid with the rudiments of the posterior 
white column (c, fig. 1). In section this column had an oval figure, and covered only 
about the two anterior thirds of the posterior grey substance, leaving the other convex 
third entirely uncovered, except by the rudimentary integuments. By means of a sufficient 
magnifying-power, it was clearly seen that at the surface of the grey substance the fine 
network of fibres between the closely aggregated nuclei was directly continuous with the 
fibres of the white column with which it was overlaid. Fig. 2 represents a portion of a 
transverse section of the posterior grey and white substances at their points of junction, 
magnified 420 diameters : a is an inner part of the white column, and b is an outer part 
of the grey substance, consisting of nuclei and a [close network of fibres continuous 
with a. Through the same network nuclei were connected with some of the fibres of the 
posterior nerve-roots (d), which ran obliquely outward and forward, and made their exit 
at the anterior border of the posterior column, to enter the intervertebral ganglion (e). 
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The anterior grey substance (/, fig. 1) was of a somewhat triangular form, with one 
of its angles behind and the other two in front. The posterior angle, which projected 
* a little into the lateral part of the antero-lateral column, consisted of a very- distinct 
and dark group of nuclei, and was separated from the posterior grey substance (V) by a 
much paler structure, composed chiefly of longitudinal and radiating fibres, which 
formed the rudiments of the lateral column. The anterior and outer angle was more 
obtuse (like a right angle rounded off), and consisted also of a distinct and dark, but 
larger group of nuclei, from which the majority of the anterior nerve-roots (g) originated, 
and then proceeded outward and forward* to join the posterior roots which escaped in 
the same direction from the intervertebral gangliop. At its inner side, the triangular 
mass, like the posterior grey substance, was continuous with the layer surrounding the 
central canal by a nucleated network of the same kind. 

Throughout the whole of the posterior grey substance there was no diversity in the 
appearance either of the nuclei or of the close network of fibres by which they were 
connected. In the anterior grey substance, however, there was a slight diversity in the 
appearance of both. • The nuclei contained in the separate groups already described 
were not larger, but they were less round or oval, or more irregular in shape, than those 
of any other part of the section, either anterior or posterior. They had also some 
tendency to aggregate into small, irregular and imperfectly isolated clusters, which 
were interspersed with granules and united by a looser and also irregular network, so 
that the entire structure had more or less the appearance of a sponge-like arrangement. 
In the central layer surrounding the canal, and of which the inner portion constitutes 
the epithelium, the nucleated network had a radiating tendency, which decreased on 
extending outward. In the parts between the separate groups or masses of grey sub- 
stance, the nuclei were densely but uniformly aggregated, and the network of fibres was 
less distinct. 

The antero-lateral white columns ( h ) were very small in proportion to the quantity of 
grey substance. Behind, where they joined the posterior columns, they were much 
shallower, and reduced, indeed, to a mere fringe on each side, sunk in the depression 
between the anterior and posterior grey substance, from which they were developed as 
the rudiments of the so-called lateral column. Hitherto the anterior median fissure 
had no existence, but fibres proceeding from the anterior nerve-roots on each side could 
be seen to cross each other transversely in front of the epithelial layer which surrounded 
the canal . These transverse fibres were the rudiments of the anterior commissure. 

Surrounding the white columns and enclosing the intervertebral ganglia, there was 
a quantity of loose tissue, which in front formed a deep layer (t), connecting the cord 
with the body of the vertebra (jj), and consisting of a nucleated network, the meshes 
of which were transversely extended. The nuclei of this network, although much 
less numerous than those of the grey substance of the cord, differed from them but 
little in general appearance. Their connecting fibres, however, were thicker, coarser, 
less granular, and directly continuous, at the surface of the anterior commissure, with 
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similar fibres which radiated forward from the epithelium (a) surrounding the front of 
the canal. At its opposite or anterior border*— or rather anterior part, for it had no 
distinct border— this nucleated tissue became directly continuous with that which formed 
the body of the vertebra (jj). This body consisted of a dense mass of closely aggre- 
gated nuclei, similar at its circumference to those of the connective tissue, but somewhat 
different in shape toward the centre, where they were round, oval, elongated, angular, 
and often curiously crescentic. They were all connected by fibres which, nearer the 
circumference, where the structure was looser, could be very easily distinguished ; but 
in the centre they were less distinctly seen between the densely-crowded nuclei. Near 
this centre was a circular spot (Jc), the section of a longitudinal cylinder, surrounded by 
a thick wall resembling the wall of a cartilage-cell and enclosing several closely aggre- 
gated nuclei, connected by short fibres. These nuclei were round, oval, pyriform, or 
otherwise irregular in shape, and rather larger and more granular than those by which 
they were surrounded. 

The spinal cord and vertebral column of the Sheep at this period of development have 
a considerable resemblance to those of the chick on the fifth day <ff incubation. In the 
latter, however, the different parts of the grey substance are more distinctly marked. Fig. 
19, Plate XLVII. represents a transverse section of the vertebral column and spinal cord, 
in the sacral enlargement of the chick, on the fifth day, and magnified 60 diameters. 
The section of the cord was nearly a perfect oval. There was no trace of the rhom- 
boidal sinus or ventricle which in the adult bird separates its posterior lateral halves*. 
The epithelial layer ( a ) immediately surrounding the canal was clearly defined and easily 
distinguishable from the rest of the grey substance. It was somewhat broader behind, 
where it reached the surface in the form of an arch. On each side of it the posterior 
grey substance (b) consisted of a pyriform mass, nearly covered by the rudiments of the 
posterior white column (c), and separated by a triangular and much lighter space from 
the anterior grey substance (f), which had a nearly quadrangular form, but was sepa- 
rable into two different masses, of which the outer was greyer and of an oval shape. 
From both of these the anterior nerve-roots (g) originated and escaped from the anterior 
and outer angle of the grey substance. Along the posterior half of the epithelial layer 
(a), its nucleated network was arranged in a connected series of arched radiations, which 
extended into the pyriform mass of grey substance on the same side (6). From this 
substance another very evident series of separate fibres ran directly forward to that part 
of the anterior grey substance ( f) from which its nerve-roots chiefly arose. Neither 
these nor the arched fibres just mentioned as radiating from the epithelium could be 
seen so distinctly in the Sheep. Although the grey substance consisted of the several 
separate masses above described, yet there was but little diversity in the appearance of 
its structural elements. Its nuclei, generally, were rather smaller than in the section 
of the foetal sheep represented in fig. 1. 

The cylindrical column ( k ) in the centre of the body of the vertebra (jj), and corre- 
* See Philosophical Transactions, 1859, Plate XXIII. figs. 84, 85, and 86. 
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sponding to the chorda dorsalis of fishes and reptiles, was at least five times as large 
in diameter as that of the Sheep, *and somewhat different in the arrangement of its 
elementary parts. It consisted of a loose honeycomb structure with large vacant spaces, 
formed by a coarse network of fibres, with a nucleus at each point of their junction (see 
fig. 45, a, Plate XLVIII.). Around the cylinder, elongated nuclei giving off fibres in a 
circular direction were arranged in concentric layers. 

In a foetal sheep a little larger than that first examined, and measuring exactly 1 inch 
in length, a section of the spinal cord from the same region as before (the upper part 
of the lumbar enlargement) presented the appearances seen in fig. 3, Plate XLV. 
The canal, as a sword-shaped slit, extended behind-forward through nearly the whole of 
the grey substance. Immediately surrounding it was a bulbous or club-shaped layer of 
nuclei, with its bulbous end (l) posterior and reaching the surface in the middle line, 
but partially covered on each side by a portion of the posterior column (c). At this 
latter part it was less clearly defined, and gave off a process of grey substance, which 
extended outward and forward beneath the rest of the white column (c), and terminated 
in a rounded but imperfectly circumscribed mass (6). From about its middle to its 
anterior extremity the narrower portion of the club-shaped layer consisted of a nucleated 
meshwork of epithelium with an outwardly-radiating tenaency ; but on passing back- 
ward to the bulbous end, this appearance was confined to the wall of the canal, and 
moreover became less distinct, 'while at the same time it was gradually lost amongst the 
densely aggregated nuclei in the lateral part of the bulb. 

The anterior grey substance presented nearly the same aspect as in the section repre- 
sented in fig. 1. There was a very evident decussation, or crossing of fibres from the 
opposite roots of the nerves, in front of the canal ; but, as in the last section, there was 
no anterior median fissure. 

In the elements of the grey substance there was scarcely any perceptible advance in 
development. Some of the nuclei in the anterior masses seemed in a trifling degree to 
have increased in size, become more irregular in shape, and to be connected by a network 
which had rather more of the sponge-like arrangement. 

The antero-lateral columns had somewhat increased in depth. Behind, where they 
joined the posterior columns, they were much shallower than elsewhere, and formed, 
on each side, the so-called lateral column (h'), which was sunk in a depression between 
the anterior and posterior grey substance. 

The posterior white columns (c, c) were also deeper than in the previous sections. 
Behind, they were bevelled on to the exposed surface of the central club-shaped layer ; * 
and in front, where they joined and overlapped the lateral columns, they terminated in 
prominent but rounded edges, to which the posterior roots of the nerves (d) were 
attached. 

There is every reason to believe that the fibres of the white columns are developed 
from the grey substance as prolongations of the network by which its nuclei are con* 
nected. 
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In foetal sheep of exactly 2 inches in length, it was found that the different parts of the 
spinal cord already described had become more or less modified in form, size, and relative 
arrangement, that new parts had been superadded, and that the structural elements of 
the grey substance had undergone considerable alterations. Fig. 4, Plate XLV. repre- 
sents a transverse section of the cord from the same region as before, viz. the upper part 
of the lumbar enlargement. Here we at once perceive that each lateral half of the grey 
substance is fashioned into very distinct anterior and posterior cornua (/, & 1 b), which 
are partially separated from their fellows of the opposite side by an anterior and a poste- 
rior median fissure (m, n), both of which were absent in the former sections, and now 
come into existence, as we shall presently see, as a consequence of the development of 
the cornua. We also observe that the anterior half of the central slit represented in 
the preceding figures has dilated into an oval canal (o), which is near the centre of the 
section. Moreover it will be seen that two new portions of the posterior white columns 
(P*P) l lave made their appearance on each side of the posterior median fissure. Let 
us now consider the course of the developmental growth by which these changes have 
been gradually effected. First, then, it may be remarked that in fig. 4 the anterior 
cornua are formed by a growth of the grey substance forward and inward, in front 
of the canal, from the imaginary line ( f ), which corresponds to the line of limit of the 
anterior grey substance ( f ) in fig. 3. The anterior white columns (h, h) extend in the 
same direction around the growing ends of the cornua, until only a narrow space or 
fissure is left between their inner borders in the mesial line. In this way is formed the 
anterior median fissure (m) in front of the commissure, which projects into it as a conical 
process. During these changes in the anterior part of the cord, the posterior grey sub- 
stance (l b, fig. 3) grows obliquely outward and backward (l b, fig. 4); while its ante- 
rior angle (at b) becomes further removed from the posterior angle of the anterior cornu 
(f), and is separated from it by a broader and deeper indentation, which is the rudi- 
ment of the neck or cervix cornu posterioris. This space or indentation is filled up 
and overlaid with the lateral column (A'), which has reached the level of the posterior 
column ( c ) and assumed a convex surface. This so-called lateral column differs from 
the rest of the white substance in being subdivided into a much greater number of small 
but separate fasciculi of various shapes, by means of a remarkable system of radiating 
fibres which proceed both from the grey substance between the cornua and the epithe- 
lium surrounding the canal. A radiation of fibres, however, but of much less extent, 
takes place from the whole circumference of the grey substance. 

* At the commencement of these changes, the central fissure or canal represented in fig. 8 
reaches the surface of the posterior grey substance. The growth of this substance is 
then continued not only backward, but outward , or divergent from the mesial line, while 
in the intervening angular and gradually increasing space between it and this line (fig. 
4, n ) there are developed on each side two new pyramidal columns of longitudinal fibres 
which increase in depth in a corresponding proportion. Of these, the outer one 
(?)» which is much the larger, rests on the back of the cornu, over which it ultimately 



THE SPINAL CORD IN MAN, MAMMALIA, AND BIRDS. 917 

blends with the outer portion (c) of the posterior column previously developed. The 
inner and smaller column (p 1 ) is in’general more conspicuous and distinct in the dorsal 
and cervical than in the. lumbar region, as shown in figs. 5, 6, & 7. The opening of 
the original canal or slit between these additional columns constitutes the posterior 
median fissure (»), which is now occupied by blood-vessels and pia mater in connexion 
with radiating fibres from the central epithelial layer. 

We see, then, that the direction taken by the developmental growth of the posterior 
grey substance is just the reverse of that which is followed by the anterior. The 
changes which occur in the former, and the consequent production of new columns, have 
much resemblance to some of those that take place in the upper part of the cord during 
its transition and development into the medulla oblongata. In the course of those 
changes the central canal retreats further and further to the posterior part of the 
medulla, until at length it opens on the surface in the form of the fourth ventricle. In 
a corresponding proportion the posterior cornua diverge, while from their roots on each 
side of^he mesial line the posterior pyramid is developed *. The cases, however, are 
not exactly parallel. 

Returning to the interior of the grey substance, we find that a variety of changes, 
more or less important, have occurred, — first, in the disposition and destination of some 
of its parts; secondly, in the structure and arrangement of its constituent elements. 
First, then, we may observe that the club-shaped layer surrounding the central fissure 
or canal, as represented at l, fig. 3, has lost its defined outline and become very much 
diffused. Behind the oval canal, on each side of the mesial line (at q q, fig. 4), it forms 
the inner half of the cervix cornu posterioris, which subsequently contains the posterior 
vesicular column, or nucleus of the cervix. Hitherto, however, it consists only of a 
closely aggregated mass of nuclei, which become gradually more diffused on its outer 
side, where it joins the rest of the grey substance. Passing backward and outward and 
then forward in the direction l i, as an arched layer near the posterior border of the 
cornu, it terminates in the dark mass (b) within its outer angle or point. In the space 
between this arched layer and the posterior border of the cornu, the nuclei are less 
closely aggregated, and thus constitute, with their intervening network, a paler lamina 
(r r), which is the rudiment of the gelatinous substance. In the adult cord, as I showed 
on former occasions, the space occupied by the above-described arched layer of nuclei 
contains numerous bundles of nerve-fibres continuous with the posterior roots. On its 
inner side, near the centre of the cornu, there is a somewhat paler space, which is con- 
tinued forward and outward, in a curve, to the border of the grey substance at the 
bottom of the lateral column. This is more conspicuous in the dorsal region, as shown 
in figs. 6 & 6. 

On tracing the club-shaped layer forward along the side of the median line, we 
observe that its outer part has lost the defined outline which it possessed in section 3, 

* See my memoir on the "Medulla Oblongata,” Philosophical Transactions, 1858, Plate XII. figs. 13 &14,6 
Plate XIII. fig. 16 ; Plate XIV.; and Plate XY. fig. 19. 
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and has gradually blended with the anterior grey substance ; while its inner border 
forms the epithelial layer (s) surrounding the central canal. Along the sides of the 
canal, the epithelium, as regards its constituent elements, differs but little in appear- 
ance from the rest of the grey substance. The only apparent differences are, that its 
nuclei are less closely aggregated ; that the fibres radiating through their interspaces 
from the verge of the canal, and which are thicker, are consequently seen to be more 
continuous and branched ; and that a few of its nuclei are larger, while others are more 
elongated or fusiform at right angles to the axis of the canal. Nor is it bounded 
externally by any definite line, but is continuous, as a nucleated network, with that of 
the anterior cornu. From the posterior margin of the elliptical canal its radiating fibres 
extend outward and backward into the posterior cornua, and directly backward between 
them into, the posterior ^median fissure. In front of the canal, however, the epithe- 
lium has a somewhat different arrangement. At this part it forms a deeper and more 
distinct layer, containing more of the fusiform nuclei, which are elongated in a direc- 
tion forward, and terminate at each extremity in a fibre. At the sides of this Jgyer the 
nuclei with their fibres are curved inward, but become progressively straighter as they 
approach the middle line (see figs. 4 & 8). Posteriorly their processes or fibres are 
thicker, and attached by their extremities to the margin of the canal ; while anteriorly 
they converge across the anterior commissure, as a conical network, into the anterior 
median fissure, where they become directly continuous with the fibres of the pia mater 
and connective tissue enveloping numerous blood-vessels and derived from the circum- 
ference of the cord (?n, figs. 4 & 8). In many cases the epithelium in front of the canal 
differs but little in appearance from the rest of the layer, except that the principal fibres 
of the network converge forward to join the process of pia mater in the anterior median 
fissure. In such cases it has a general resemblance to that seen in fig. 9, Plate XLV., 
which exactly represents a portion of the canal and surrounding grey substance of a 
human foetus of nine weeks, magnified 420 diameters. It was taken from the same 
foetus as the section represented in fig. 8, Plate XLV I. o is the anterior part of the canal ; 
s, s, between the canal and the outer line, is the layer of epithelium, which on each side, 
however, is seen to be gradually continuous with the anterior grey substance, f; while 
in front it terminates in a conical network of connective tissue interspersed with nuclei, 
and continuous (at m) with the pia mater of the surface. 

£ I have next to show that the elements of the grey substance, which in fig. 3 were 
nearly uniformly alike, have in fig. 4 become more or less modified both in structure 
and arrangement. In fig. 3 every nucleus had a plain or smooth appearance, without 
any trace of granular contents or of a distinct enveloping membrane. In fig. 4, however, 
both these modifications of structure had taken place ; and although the observation 
of this fine distinction might seem to be trivial and unimportant, it will nevertheless 
be seen, as we proceed, to be well worthy of attention. It was also observed that 
in section 3 the nuclei were very nearly of the same size in all parts of the grey sub- 
stance. In section 4, however, those of the anterior grey substance had everywhere 
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increased in diameter ; while those of the posterior grey substance, as far forward as the 
posterior level of the canal, had scarcely, if at all, advanced in size. In all the darker 
parts of the latter they were still very closely aggregated, but less so than in fig. 3 ; so 
that the network of fibres by which they were connected was conspicuous in a corre- 
sponding proportion. Fig. 10, b, Plate XLV., represents some of the nuclei and their 
connecting fibres, from the arched layer (l b) of the posterior cornu in fig. 4, magnified 
670 diameters*. In the section, however, although it was exceedingly thin, the nuclei 
were rather more crowded in that part ; but exactly the same appearance is presented 
where a very thin portion has been shaved to an edge. 

Throughout the whole of the anterior grey substance the average size of the nuclei 
is about twice as great as in the posterior grey substance, and therefore about twice as 
great as in every part of section 3. Their increase in diameter begins rather abruptly 
near the posterior level of the oval canal. They have also become more granular, more 
distinctly circumscribed by well-defined walls, and lie at greater distances from each 
other. The tissue which supports them has still a reticular structure, but is looser, 
more open, and in the central portion of the cornu consists of a sponge-like network of 
coarser fibres, which are more or less granular and connected with the nuclei by irre- 
gular aggregations of granules. Fig. 12, at v, Plate XLVIL, is a faithful representation 
of this peculiar arrangement, which can be more intelligibly represented than described. 
In the middle of the cornu, where it is traversed by the central fibres of the anterior 
nerve-roots, as they run directly backward, the structure has very much the appearance 
delineated in fig. 11, Plate XLVII. But in the antero-lateral parts of the cornu (w, w', 
figs. 4 & 7, Plate XLV.), where the groups of large nerve-cells are developed, it has a 
kind of honeycomb arrangement in the form of circular or somewhat irregular cavities 
or cells, which are large, but variable in diameter, and frequently in close apposition, 
but often separated by angular interspaces containing each a nucleus encrusted with 
granules. Fig. 12, x .r, Plate XLVII. is a very exact representation of a portion of the 
outer or lateral group (w\ fig. 7, Plate XLV.). The walls of the cavities and the gra- 
nular network are directly connected with the tissue of the antero-lateral white columns 
at y, 3 /. Within each cavity is a nucleus, which is sometimes in or near the centre, 
sometimes more excentric, and sometimes close to the wall. The nucleus is imbedded 
in granules, which are generally seen to connect it to the wall, and which in some 
instances occupy the whole, in others only part of the cell; in the latter cases they 
aggregate in a variety of forms f. 

Within the posterior angle or shoulder of the anterior cornu is a remarkable dark 
and nearly triangular group of nuclei (fig. 4,/*, Plate XLV.), which differ from the rest 
only in being rather larger, and more closely aggregated. 

The roots of the nerves may be very distinctly traced into the grey substance (see 

# By some mistake this figure is marked in the Plate as x 420 diameters. 

t The separation of the granular masses from their cell-walls, and the stellate foym which they sometimes 
assume, seem due to the action of the chromic acid. 

MDCCCLXir. 6 K 
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fig, 8, Plate XLVI.). The anterior roots (g) are attached to the anterior column, which 
they traverse transversely inward to reach the anterior cornu (/), within which their 
fibres diverge and cross each other in different directions. A large number proceed ' 
backward along the lateral part of the cornu, some of them running in succession 
outward to the lateral column {hi), while the rest reach the triangular group of nuclei 
just pointed out, within the posterior angle of the cornu. Another set of fibres run more 
directly backward, through the central part of the grey substance (/), where they join 
in the general network, and appear as represented in fig. 11, Plate XLVII. ; while 
some curve inward to decussate, in front of the canal, with their fellows of the opposite 
side, in company with others proceeding forward and inward around the canal from the 
posterior grey substance. (See also fig. 3, Plate XLV.) 

The posterior roots (fig. 8, d, Plate XLVI.) have no immediate connexion with the 
lateral columns, and are attached solely to the posterior, through which they diverge in 
a direction backward and inward to reach the grey substance (l b). On entering this 
substance many of them evidently become finer by subdivision, and contribute to form 
the network by which the nuclei are connected. Fig. 10, Plate XLV. is a faithful 
representation of a very thin transverse section near the extremity of the posterior cornu* 
through which the roots (d) are entering ; at b they are seen to become continuous with 
the general network. In the same way many of the fibres of the posterior columns are 
connected "with nuclei of the grey substance. (See fig. 15, i, Plate XLVII.) 

In foetal sheep of 3 and 4 inches in length, there was no remarkable alteration in the 
shape and disposition of the grey and white substances in the region corresponding to 
fig. 4; nor was there any great difference in the appearance or arrangement of the 
constituent elements. Fig. 13, Plate XLVI., represents a transverse section of one, and 
part of the other, lateral half of the spinal cord, near the middle of the lumbar enlarge- 
ment, of a foetal sheep, 4 inches long; and fig. 14 shows a similar section of the middle 
of the lumbar enlargement of a foetal ox, 5 inches long. Here we see that nearly one- 
half of the posterior grey substance still consists of a dark layer of closely aggregated 
nuclei, which differ but little in size and general appearance from those of section 4, 
Plate XLV. This dark layer constitutes the caput cornu posteriory. Fig. 15, I, 
Plate XLVII. is a longitudinal section of it near its outer border, or the posterior 
extremity of the cornu, where it is overlaid and crossed in different directions by the 
decussating fibres of the white column. As the posterior (l b , fig. 14) merges into the 
anterior grey substance (/), the nuclei become larger, while the network which supports 
them becomes coarser and looser (li, fig. 15, Plate XLVII.). In the posterior part of the 
section, the very irregular and granular meshwork of fibres appears to extend nearly 
equally in all directions ; but towards the anterior part (opposite n) the meshes have a 
tendency to elongate in a direction forward ; while many of the nuclei are elongated in 
the same direction, and have tapering granular masses extending from their ends. 
These latter appearances, however, are more conspicuous on the inner side of the cornu, 
nearer the median *line. On proceeding forward, the network assumes the peculiar 
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honeycomb structure already observed in section 4, and represented at x, fig. 12, 
Plate XLVII. Here, however, the layer is deeper, but variable in depth. Pig. 15, m, 
k Plate XLYIL is a portion of a longitudinal section, behind-forward , through this layer of 
large cells of the anterior cornu (w w, fig. 14, Plate XLVI.). It will be remarked that 
these more or less globular cells are closely grouped, and frequently in actual contact ; 
that in many instances they are seen to be filled with the granular material surrounding 
their nuclei; and that the nuclei themselves are sometimes larger than those in other 
parts of the anterior grey substance, and contain each either one large globular nucleolus 
or two. With the general network of this layer the anterior nerve-roots may be seen to 
be continuous. 

In foetal sheep of 6, 7, and 8 inches in length, further changes were observed to take 
place in the grey substance, but they were limited chiefly to its posterior and middle 
portions. In the caput cornu posterioris, the nuclei, although still aggregated in vast 
numbers, were comparatively less numerous and more widely separated from each other 
than in fig. 15, and somewhat larger; the network of fibres by which they were con- 
nected was also coarser and looser ; while a complete system of transverse, longitudinal, 
and oblique nerve-fibres were very readily distinguishable. 

In the middle portion of the grey substance, that is, between the caput cornu (l b, 
fig. 13, Plate XLYI.) and the groups of large nerve-cells (w, «/), the coarse network 
already described and represented in fig. 15, n, Plate XLVII. was now interspersed with 
a great number of cells, which differed from each other both in size and shape (fig. 16, 
Plate XLVII.). The majority were fusiform in a direction before-backward, and either 
more or less wavy and sigmoid, or perfectly straight, with processes which extended 
occasionally to an amazing distance. In some cases, as at a, fig. 16, a fusiform cell was 
bent into the shape of a crescent, and formed part of the circumference of an oval or 
circular space. In other cases it was converted into a triangle by giving off two pro- 
cesses from one end, which became broader, and embraced, as before, part of the cir- 
cumference of an open space (b, fig. 16). In many of these cells, especially of the 
smaller kind, the nuclei were only faintly, or not at all, observable. 

The groups of large nerve-cells (w, w') had undergone scarcely any appreciable change, 
and presented nearly the appearances represented at in, fig. 15. 

With regard to the changes which ensue in the structure of the cord on approaching 
the period of birth, I shall confine my remarks chiefly to those particular points which 
relate to the development of its constituent elements. During these successive changes, 
the gelatinous substance becomes more and more conspicuous as a distinct lamina around 
the end of the caput cornu. Along its margin the peculiar nerve-cells observable in the 
adult are gradually developed, after the manner of those already described in the middle 
of the grey substance (fig. 16, Plate XLVII.) ; while its ardform, transverse, oblique 
and longitudinal fibres increase in number in a corresponding proportion. Coincident 
with this development of the gelatinous substance, the nuclei in the dark and inner part 
of the caput cornu become less numerous, while its transversely-radiating, longitudinal, 

6 k 2 
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and variously-oblique fibres, continuous with roots of nerves, increase in a corresponding 
proportion and pursue a more definite course. But even at an advanced period of utero- 
gestation (at the fifth month, for instance, in the human foetus) the caput cornu is still 
very thickly crowded with nuclei, and presents an opaque and uniformly dark: mass, like 
that of the foetal ox of 6 inches long, represented in fig. 14, Plate XLYI. By the end 
of the sixth month, however, it is much less opaque, and contains a much smaller pro- 
portion of nuclei, but a correspondingly large proportion of fibres running in the direc- 
tions already indicated. Fig. 40, Plate XL VIII. represents, under a low power, a trans- 
verse section of one lateral half of the grey and white substances of the cord from the 
upper part of the lumbar enlargement of a human foetus of six months*. Here the 
caput cornu posterioris (Z b) is at once distinguishable from the cervix , not only by its 
bulbous expansion, but also by its much darker colour. The gelatinous substance, how- 
ever, and arciform fibres are not very strongly marked, but were readily detected under 
high magnifying-powers. In the larger and darker portion of the caput, the nuclei were 
imbedded in a fine granular network, and were most numerous at its sides, particularly 
its outer side. Amongst this network were the longitudinal and oblique fibres, to which 
in the adult cord the opacity of this part is chiefly due. The majority of the nuclei were 
round, but some were oval, and a few had an angular form. They were finely granular, 
were enclosed in distinct envelopes, and differed from each other in size. Their average 
diameter was rather below that of the blood-globules of the same foetus. Scattered 
irregularly amongst these were a few others, which, in addition to the fine granules, 
contained each a larger, central and globular nucleolus. These latter nuclei were iden- 
tical in appearance with the nuclei of the larger nerve-cells. 

By referring to the same figure (40), it will be seen that each inner half of the cervix 
cornu (q) is occupied and rendered convex by a remarkable group of nucleated cells, 
which I formerly described very fully under the name of the posterior vesicular column f. 
In this region of the cord (the upper part of the lumbar enlargement), not only are 
these columns larger than in any other region, but the cells which they contain are 
for the most part of the largest description, and similar in appearance to those of the 
anterior cornu: but their development is somewhat later. In the human foetus, at the 
sixth month, however, they are perfectly developed, and assume a variety of stellate 
forms, with processes that extend in all directions. They are closely invested by a thin 

* Through the kindness of Mr. Hathebly, of Belgravia South, I waa fortunate enough to obtain this 
fine male foetus within about an hour after death. The brain and spinal cord were immediately removed 
and hardened in the moat gradual and careful manner by immersion, first, in an exceedingly weak solution 
of bichromate of potash, then in stronger solutions of the same salt, and finally in a solution of chromic 
acid. The preparations, of which a series of representations are given in Plate XLVIII., are the most 
beautiful that I have ever succeeded in obtaining from the human foetui. I must also acknowledge my 
obligations to Mr. R. Dumx, of Norfolk Street, Mr. Wmmi, of ‘Westminster, Mr. Paixtsb, of West- 
minster, aud Mr. Hunt, of South Belgravia, for their kindness in providing me with foetuses. 

t Probably a better tejrm for this column would be the nucleus of the cervix cornu — nuclein cervici* 
Cornu. 
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sheath or envelope, which is prolonged on to the processes and connected with the inter- 
vening reticular tissue. It is beyond all doubt (for it was distinctly seen in preparations 
* of this foetus) that many, at least, of the processes, by repeated subdivision, become con- 
tinuous with the fine network of this intervening tissue. See fig. 17, Plate XL VII.* 

In the same foetus the tractus intermedio-lateralis , or tract of grey substance (t, figs. 41, 
42 & 43, Plate XLVIII.) which projects into the lateral column between the anterior 
and posterior cornua, was in a nearly complete state of formation. 

The epithelium, also, surrounding the canal was completely developed, and on no 
occasion in the human cord have I seen it so perfect and beautiful. In the adult 
human cord it is very difficult to obtain a good view of the exact form and arrangement 
of its constituent elements, which are often, especially in the cervical region, confusedly 
heaped together in a mass that entirely fills up the canal f. In the foetal cord, however, 
the canal is larger, the epithelial layer is deeper, and its elements in general are more 
uniformly arranged. In the case now under consideration these elements were more 
than usually distinct. In some regions of the cord they were exactly alike throughout 
the whole circumference of the layer. In such regions they consisted partly of oval, and 
partly of still more elongated nuclei or cells, which gave off a process from each extre- 
mity, and were arranged with their longer axes at right angles to the axis of the canal. 
The nuclei , however, were placed at different distances from the canal , and were so dis- 
posed as to lie in nearly close apposition, and form a compact stratum. Their central 
processes, which reached the inner margin of the layer, were consequently of different 
lengths ; and the length of these processes, in general, was inversely proportional to their 
thickness. Here and there between the rest of the nuclei, narrow interspaces were occu- 
pied by remarkably slender and fusiform bodies, of which the tapering ends reached the 
verge of the canal, without the intervention, apparently, of any distinct processes. At 
their peripheral or outer ends all these nuclei tapered into fine fibres which crossed each 
other in every direction, and frequently divided into smaller branches, to be continuous 
with the network surrounding the epithelial layer. In the lumbar region of the cord 
the nuclei were not exactly alike around the whole circumference of the canal. In the 
anterior third of the layer they were in every respect similar to those which I have just 
described ; and at the front of the canal, the fibres proceeding from their peripheral ends 
were seen to cross the commissure, and become directly continuous with the process of 
pia mater within the anterior fissure, frequently this process consisted almost entirely 
of blood-vessels containing numerous well-preserved globules, and at the bottom of the 

* This statement is confirmatory of the descriptions which I first gave of the ramifications of the pro- 
cesses of the nerve-cells of the spinal cord. — Philosophical Transactions, 1851, p. 614. 

t On a former occasion (Phil. Trans. 1859, Part I. p. 455, and Plate XXII. fig. 55) I showed that the 
canal in the human cord is sometimes double, or rather that two secondary canals, as it were, are hollowed 
through the mass of epithelium just mentioned. The same fact has Bince been mado the subject of a paper 
by Dr. Joh. Wagner, in Eeicuert-Dubois’b Archiv fur Anat. Ac. 1861, p. 785. Even in the fourth ven- 
tricle, at the calamus scriptorius, in Man I have frequently found on the surfaco^a kind of short supple- 
mentary canal formed by a double layer of epithelium enclosing a narrow space* 
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fissure it gave off a brush-like radiation of fibres that were continuous with those of the 
epithelium. In other sections, blood-vessels from the same process extended right and 
left, as well as backward and around the canal. Some of the fibres from the epithelial 
cells on each side of the front layer, after crossing the anterior commissure; penetrated 
the anterior white columns, at the sides of the fissure, and were lost in the tissue between 
its longitudinal fibres. Behind, a narrower portion of the epithelial layer was composed 
of the same kind of elements as those which were found in front ; and in a similar way 
fibres proceeding from their peripheral ends converged backward , to be continuous with 
blood-vessels and pia mater in the posterior median fissure. Other fibres, also, from the 
same source could be traced into the posterior white columns. Around the remaining 
portion of the canal the epithelial layer was narrower and somewhat different in struc- 
ture. It consisted, for the most part, of round and of rather oval nuclei, irregularly dis- 
posed, and in connexion with the fibres on the outside of the layer. These nuclei, like 
the others just described, were finely granular, and in every way similar to a multitude 
of those which are scattered through the grey substance, and, as I shall presently show, 
through the tissue between the fibres of the white substance*. 

The large nerve-cells of the anterior cornu had assumed the shape and general appear- 
ance which they present in the adult cord. Like those of the cervix cornu posterioris, 

* This description of the epithelium in the human foetus has a general resemblance to that which I gave 
of the same structure in the full-grown ox (Phil. Trans. 1859, p. 455, Plato XXII. fig. 53) ; but I have 
entered more particularly into details in the present case, on account of the close resemblance of the oval 
cells to the “ olfactory cells ” of the olfactory mucous membrane as first described by Schultze in the Prog 
and Pike. It is believed by Schultze and others, that the processes of theso “ olfactory-cells” are directly 
continuous with fine fibres of the olfactory nerves. Such a connexion, however, has never, so far as I am 
aware, been actually seen. I have myself traced theso nerve-fibres quite into the epithelial layer, but have 
not hitherto quite satisfied myself of their actual termination. Six years ago I showed that beneath the 
epithelium of the pharyngeal sac of the common earth-worm, a ganglionic plexus of nerves terminates in a 
network of single nucleated fibres, resembling in form a capillary network (Proc. Royal Soc. Jon. 1857, 
No. 24. vol. viii.) . It is true that Axel Key (Archiv fur Anat. &c. 1861, p. 329) has described and figured 
in the tongue of the Frog, a remarkably conspicuous communication between nerve-fibres and cells which 
correspond to those of Schultze. But no such communication was observed either by Bileoth or Hoyeb 
(Archiv fiir Anat. &c. 1858 & 1859) in the same organ. On the fibres proceeding from the “olfactory cells” 
of Schultze, there are slight granular dilatations, which I have found most remarkable in the Pike. On the 
fine fibres which surround the canal in the human foetus, as above described, and with which the processea 
of the oval epithelial cells are connected, I have also observed exceedingly minute dilatations. These fibres, 
as already stated, arc evidently continuous, and identical in appearance with the fine fibres of the pia 
mater on the outside of the cord. Without, therefore, denying the possible continuity of the “ olfactory 
cells ” with true nerve-fibres, we must be so much the more cautious in admitting their actual continuity 
as an anatomical fact, until confirmed by actual observation. That the fibrous structure immediately 
surrounding the spinal canal is of the nature of connective tissue, was first maintained by myself (Phil. 
Trans. 1851) in opposition to Stillivo, who described it (together with the epithelium, which he had not 
detected) as a “ circular commissure ” composed of prey nerve-fibres. In the human brain, also, the pro- 
cesses of the epithelium which extends from the aqueduct of Sylvius along the under surface of the poste- 
rior commissure, h are clearly been Been by myself to pass through fissures in that commissure, to the pia 
mater on its opposite surface (Proceedings of Royal Society for June 20, 1861). 
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they were enveloped in delicate sheaths, which, however, were quite distinct from, 
although in connexion with, the surrounding reticular tissue (see fi g a T 12 & 16, Plate 
.XLVII.). Many of their processes also were very clearly seen to subdivide, or to break 
up suddenly, into a multitude of fine branches to form part of the intervening net- 
workf. 

I shall' conclude my remarks on the development of the cord in the human and 
ma m mali an foetus, by a few observations on the development of its nerve-fibres. In 
a very young foetus it is difficult to obtain a satisfactory view of isolated nerve-fibres, 
and to detect the way in which their formation commences. According to my own 
opportunities of observation, they are not developed from nucleated cells, but ratheir 
by the extension of finely granular substance from round and oval nuclei. On this 
point, however, I cannot at present speak with confidence, and therefore leave it open 
for further inquiry. In the early stages — for instance, in a foetal sheep, or human 
foetus from 1 to 2 inches long — the fibres, in a fresh state , consisted of most delicately 
granular and nucleated bands, without any sharpness of outline or appearance of sepa- 
rate border. But the nuclei were far from being numerous, either in the nerves or in 
the white columns of the cord. In fig. 8, Plate XLVI. their average number is shown 
in the white columns of the left side, in a human foetus of about nine weeks. As 
development, however, advances, their number increases considerably, while the fibres 
to which they belong acquire a more sharply defined outline or border, which in some 
parts of its course appears darker and thicker than in others. In fig. 9 + , Plate XLV., 
on the left, is an exact representation of a separate fibre in a fresh and unprepared 
state, from the sciatic nerve of a human foetus of four months, magnified 670 diameters ; 
and in the same figure, on the right, is represented the appearance of several such fibres 
as they lie side by side in a bundle. Fig. 18, Plate XLVII. shows a small portion of a 
transverse section of the posterior white columns of a human foetus of five months, 
magnified 670 diameters. When compared with the same parts in fig. 8, Plate XLVI., 
which is magnified only 50 diameters, it shows how much the nuclei have increased in 
number. Some of these nuclei belong to the sheaths of the nerve-fibres, others to the 
tissue by which their sheaths are connected. As the period of birth approaches, they 
are again reduced in number ; but even in the adult cord, as I showed on a former 
occasion, they are scattered at intervals between the fibres of all the white columns. 
In structure they are altogether similar to the nuclei of the foetal epithelium above 
described, and differ from them only in having a somewhat less average diameter. 

With regard to the development of the spinal cord in Birds, I need dwell only on 
those particulars in which it differs from that in Man and Mammals. Fig. 19, 
Plate XLVII. shows the appearance of the grey and white substance in a transverse 

t I have described and figured a similar ramification of the processes of the cells around the base of the 
peduncle of the olfactory bulb, and in the anterior perforated space, and have frequently observed the same 
appearance in the convolutions of the cerebral hemispheres. (See Zeitscbrift fur Wissensch. Zoologie, 
'Bd. ti. Hfib. 1. Taf. v. fig. 6.) • 
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section of the upper part of the sacral enlargement of the chick, on the fifth day of 
incubation. The central dark layer (a) surrounding the canal is still uncovered by the 
posterior columns (c, c), and forms the posterior surface. The grey substance hithertQ 
is not divided into distinct cornua ; there is no trace of a posterior median fissure, and 
only the first rudiments of an anterior (m). In the course of four days we find that 
rapid and remarkable progress has been made in developmental growth.' Fig. 20, 
Plate XVII. represents the appearances in a transverse section of the same part, at the 
end of the ninth day of incubation. By a succession of changes similar to those that 
have been described in the foetal sheep, both the anterior and posterior cornua have 
become fully developed, with corresponding median fissures. In each anterior cornu (f) 
is a thick cylindrical column of large nerve-cells. These cells, however, for the most 
part, differ both in shape and mode of formation, from those that are found in the corre- 
sponding part of the human and mammalian foetus. The majority are fusiform from 
before backward, and continuous with the antero-posterior fibres which reach the poste- 
rior cornu. They are not formed within large round and oval spaces with thick walls, 
like those already described in the mammal, but grow side by side in close apposition 
by the extension of substance from the ends of their nuclei, apparently after the manner 
of those in the central part of the grey substance of the Sheep and Ox, represented in 
fig. 16, Plate XLVII. Besides their antero-posterior processes, they send off others both 
outward and inward. The middle portion of the grey substance between this vesicular 
group and the posterior cornu contains a few isolated cells of the same kind. 

The antero-lateral white columns ( h , h') have increased considerably in area, and the 
anterior median fissure between them is much deeper, while the canal (o) is reduced in 
size and limited to the centre of the section. The caput comu posterioris (lb), on each 
side, consists of a dark mass of closely aggregated nuclei, which are smaller than those 
in any other part of the grey substance. It is entirely covered by the posterior white 
column ( c p), which, however, does not extend along the inner side of the cervix (q). 
The space between the cervix comu (q) of one side and that of the other, and which, 
in the corresponding part of the adult cord of both the bird and mammal, is occupied 
by the inner and deep portions of the posterior columns, is now filled up by a bell-shaped 
mass of connective tissue (n 1 ), which consists of a loose network of fibres connected at 
intervals with nuclei. The fibres of this tissue are also directly continuous with the 
connective tissue of the inner part (p) of the posterior white column, and with the 
network in the cervix comu (q), along the inner border ; but its fibres are coarser, and 
its nuclei are larger. Its deep portion, which is divided by a central raphe, forms the 
posterior wall of the canal ( o ), and constitutes its epithelium on that side; while its 
superficial portion extends on each side over the posterior white column (p), and is con- 
nected at its convex surface with the pia mater which surrounds the cord. In the lower 
part of the sacral enlargement (fig. 21, Plate XLVII.), the cervix comu is united along 
the middle line with its fellow of the opposite side, and forms with it a single mass ; so 
that only the extremities of the cornua surrounded by the posterior columns remain 
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apart from each other. Between these the space n, which here represents the posterior 
median fissure, is much shallower and narrower than in fig. 20, and widely separated 
from the central canal by the coalescence of the cervix (q) of each side. The loose 
and nucleated tissue (n 1 ), however, with which it is filled is still connected, across this 
coalesced grey substance, with a number of fibres radiating from the epithelium around 
the posterior wall of the canal ( 0 ). On ascending the sacral enlargement, the^posterior 
cornua become more and more deeply separated, until the division reaches the canal. 
Fig. 22 represents a transverse section about midway between sections 20 and 21. Here 
the space n between the cornua has, in section, the form of a deep cylinder filled with 
the loose nucleated tissue, of which the deepest portion itself constitutes the epithelium 
around the posterior wall of the canal, instead of being only connected with it, as shown 
in fig. 21, by a number of radiating fibres. As development advances, the inner part 
(p, fig. 20) of the posterior column gradually extends over the side of the cervix cornu 
(q), and replaces a corresponding proportion of the nucleated tissue (n 1 ), until it reaches 
the median raphe at the back of the canal. On approaching the middle of the sacral 
enlargement, the entire lateral halves of the grey substance are more widely removed 
from each othor, and joined only by the anterior commissure ; for thej posterior commissure 
has no existence. At the same time the canal is lengthened in a lateral direction, and 
opens behind, through the raphe or median fissure, to form the rhomboidal sinus, which 
is filled up with the remaining nucleated tissue continuous with the pia mater of the 
surface *. 

I have now to describe the development of the intervertebral ganglia. 

In the young foetus, the first thing that strikes the observer on looking at these 
ganglia, is their enormous size in comparison with the diameter of the spinal cord. 
Fig. 8, 0 , e , Plate XLVI. represents them as seen in a transverse section of the vertebral 
column of a human foetus of 9 weeks. In this section each ganglion appears nearly as 
large as the entire lateral half of the grey substance of the cord itself. It is closely 
invested by a fibrous sheath, which is prolonged on to the nerve-roots, and is continuous 
with the surrounding connective tissue, as well as with the denser nucleated tissue that 
constitutes the lamina (z) of the vertebra. In a foetal sheep of 1 inch in length, the 
ganglion consisted of a mass of closely aggregated nuclei or cells, connected together by 
a network of fibres. Fig. 23, a, Plate XLVII. represents a small portion magnified 
420 diameters. The fibres connecting the nuclei or cells were continuous on the one 
hand with the nerve-roots which entered the ganglion, and on the other hand with the 
surrounding connective tissue. Their course was most conspicuous in an antero-posterior 
direction — that is, in the direction in which the nerve-roots spread through the ganglion. 
The nuclei or cells were about the same size as those of the grey substance of the cord 
to which they belonged, but were rather more varied in shape. Like them also, at this 
period of development, they had a plain and smooth appearance, without any traces of 
granular contents and of distinct enveloping membranes. 

• Compare my figs. 84, 85, & 86, from the adult bird, Philosophical Transactions, 1859, Plate XXJ.II, 
MDCCCLX1I. 6 L 
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In a foetal sheep of about If inch long, it was found that a considerable proportion, 
of the nuclei or cells had increased in size, but in a variable degree. Many of them 
were twice as large as those in the foetus of 1 inch, while others were still about the 
same size. Fig. 24, Plate XLVII. represents a small portion of the ganglion as seen in 
a transverse section of the spinal column and cord — that is, in the direction in which the 
nerve-roqjs enter and leave it. A great number of the nuclei or cells were also more 
diversified in shape ; they were round, oval, triangular, irregular in outline, and variously 
stellate. By processes of different lengths and degrees of fineness all of them were con- 
nected with each other, as well as with fibres of the nerve-roots ; and at the circum- 
ference of the ganglion this common network was continuous with the surrounding 
nucleated connective tissue, as at Z>, fig. 23, which represents a portion of the tissue 
connecting the outer part of the ganglion (a) with the lamina of the vertebra. Many 
of the round and oval nuclei evidently belonged to the connective tissue, and some 
few to the nerve-fibres which spread through the structure. The nerve-cells, although 
enlarged, had a smooth homogeneous aspect, and presented scarcely any traces of 
internal nuclei. Here and there, however, a faintly granular appearance was visible 
through their surface ; and in some cases, as at a, fig. 24, a rounded b^t imperfectly- 
defined body, resembling an indistinct nucleus, might also be observed. 

As development advanced, considerable changes were observed to take place in the 
appearance of the ganglion. At first, the principal changes consisted in an increase in 
the size and granular structure of a large number of the cells, while their nuclei remained 
still indistinct (see fig. 24 + ). Soon after, however, a striking alteration ensued both 
in the structure and form of the cells: fig. 25 represents a portion of the ganglion 
of a foetal sheep, about 3 inches long, transformed from those just seen in fig. 24 + . 
Here the nuclei in the cells are large, well-defined, round or oval, and contain one, two, 
and in some instances three globular, nucleoli, surrounded by numerous granules. The 
cells to which they belong vary considerably both in size and shape. The majority, 
however, are perfectly pyriform or cup-shaped, their tapering ends pointing in different 
directions, while the broader end of each is occupied, or as it were closed, by its nucleus. 
According to the position in which they lie, and their different degrees of foreshortening, 
in reference to the observer, they appear either round, oval or pyriform. Sometimes 
several of them lie side by side in a similar position, and are continuous by their taper- 
ing ends with a corresponding series of branches from one nerve-fibre. Lodged in the 
spaces between them are a number of small nuclei, of an angular, oval, or elongated 
form, and resembling those which belong to the sheath of the ganglion (see figs. 26 
& 28). When exceedingly thin sections were very carefully examined under a sufficient 
magnifying-power, it might sometimes be observed that the nerve-fibres, in their course 
through the ganglion, divided into branches, which became continuous with the pro- 
cesses of the cells ; and when the section was carefully broken up into minute frag- 
ments by means of fine needles, these appearances were found to be universal. The 
nerve-fibres were then frequently seen to consist of bundles of delicate fibrills, each of 
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which separated in succession from the rest to be connected with one of the nerve-cells. 
Fig. 20, Plate XLVII. is an exact representation of a thick fibre giving off a short 
' branch, which immediately subdivided into two and perhaps other fine filaments, to join 
a corresponding number of cells. The lower and broken end of the fibre seemed to be 
split up into its constituent parts, and resembled the hairs of a brush. Very frequently 
a series of pyriform cells, in close apposition, but one in advance of the other, were 
arranged in a compact group around a common fibre, with a fibril of which each was 
connected by its tapering end. Fig. 27 represents part of such a group, magnified 
420 diameters. The connecting fibrils were of different lengths, and sometimes so short 
that the small end of the cell seemed to arise from the fibre itself. Where the relative 
position of the cells forming a compact group is less regular, we have the appearance 
represented in fig. 28. Through such a group the nerve-fibres pursue a more or less 
tortuous course, giving off branches or their component fibrils in succession, and in all 
directions, to the cells between which they pass. In fig. 29, for example, a fibre, after 
giving off fibrils to be connected with the smaller ends of the two uppermost cells, con- 
tinued its course between them to be connected by a fibril with the next cell, along 
the sides of which two other branches ran in a similar way until they reached the poifits 
of other cells ; and so on in different directions and planes. Between the upper and 
lower ends of the figure the cells were broken off, and exposed the fibre and its short 
branches. 

When separated from the group, a large number of the cells seemed to have scarcely 
any investment that might be called a distinct cell-wall ; but still they were frequently 
more or less covered by a shaggy layer of delicate fibres (a, a', fig. 30, Plate XL VIII.), by 
which in their natural position they appeared to be connected. This investment seemed 
to be an extension from the surface of the fibres or processes with which the cells were 
continuous, and occasionally entangled a small nucleus (o', fig. 30). In some instances, 
as at b, it assumed the appearance of a thin, loose, and delicate sheath ; while in others, 
as at c, it formed a more compact investment, to which the nuclei were more closely 
adherent. 

As development progressed the cells somewhat enlarged, while their walls increased 
in thickness, and, like the nerve-fibres, were studded with an increasing number of small 
nuclei. Fig. 31, Plate XLVIII. shows a portion of one of the intervertebral ganglia of 
a foetal sheep, 8 inches long, magnified 420 diameters. Many of the cells, which had a 
globular appearance in their natural positions, were found to be pyriform when separated 
by dissection. Their walls were evidently prolongations from the surfaces of the nerve- 
fibres ; the nuclei on the former were in every respect similar to those on the latter ; and 
in both cases their number increased in the same proportion. Sometimes a nucleus was 
found at the point where a fibre was continuous with a cell ; so that it was impossible to 
say whether it belonged to the one or the other. Fig. 32 represents a group of cells 
from the anterior part of an intervertebral ganglion of the chick, on the ninth day of incu- 
bation, at the point where the nerve-fibres are escaping to join the anterior roots. The 

6 L 2 
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free surfaces of the walls have a shaggy structure consisting of fine fibres, by which they 
are connected with the walls of their neighbours, and apparently with the nucleated 
investment of the nerve-fibres which run between them *. Sometimes, in consequence 
probably of the action of the chromic acid, the cell-wall is removed to a little distance 
from the surface of the contained cell, but is still connected with it by fine fibres or 
processes. Now in the case of the large nerve-cells of the spinal cord, like those repre- 
sented in fig. 12, x x, the thick cell-walls, as development advances, form part of the 
surrounding reticular tissue, with which the surface of the contained cells, still retaining 
a thin investment, is in a similar tvay connected by processes. Sometimes there remains 
around the stellate cell a more or less circular space enclosed by what seems to be the 
inner surface of the original cell-wall, of which the outer portion has blended with the 
surrounding tissue. 

In the account thus given of the development of the spinal cord, I have carefully 
refrained from indulging in any theoretical views, and have confined myself solely to a 
faithful description of what was actually seen. A few remarks, however, are required 
in further explanation of some of the observed facts, and in reference to the conclusions 
that may be drawn from them. 

We have seen that in its earliest stage of development, the spinal cord consists of a 
canal surrounded only by one uniform or homogeneous layer of small cells or nuclei, 
which are not distinguishable from each other in appearance, and are so closely aggre- 
gated as to seem in actual contact. To call this single layer the epithelium of the cord, 
appears to me about as incorrect as it would be to call the germinal membrane of the 
ovum the mucous or internal of the two layers into which it immediately separates ; for 
in the second stage of its development, we find that this single and homogeneous layer 
constituting the entire substance of the cord, while it continues to increase in depth, 

* The connexion of nerve-cells with each other by means of prolongations of their sheaths is well seen 
in many of the Invertebrata. Fig. 33 shows such a connexion between five cells, from one of the groups of 
ganglia composing the suboesophageal mass of the common Slug. The central space between these cells is 
occupied by portions of nerve-fibres running in different directions, os well as by connective tissue con- 
tinuous with prolongations of the cell-sheaths. It is not, however, denied that some of the processes contain 
prolongations from the interior of the cells. These cells differ considerably both in size and shape. Many 
of them are enormous. In fig. 33, Plate XLVIII. they are magnified only 420 diameters, and in some parts 
of the ganglion they reach the prodigious size represented in fig. 34 under the Bame magnifying-power. The 
nuclei within the cells aro also of extraordinary dimensions, and filled with exceedingly coarse granules, 
amongst which are a variable number of round nucleoli enclosing some finer granules. Between the larger 
cells are others of a much smaller but variable size, many of them not exceeding one-fourth the diameter of 
the nuclei of those represented in fig. 33. A great number of the cells are pyriform, and lie side by side in 
regular rows. The cephalic or supracesophageal ganglion has an entirely different structure. It consists 
of two lobes, united above the oesophagus by a thick transverse band or commissure. The portion of each 
lobe on the side of the median lino is a globular and finely granular mass, traversed by a multitude of 
exceedingly fine fibres proceeding from a somewhat hemispherical layer of small and closely aggregated 
Cells, which partially encloses the inner mass, and forms the lateral crust of the ganglion. 
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undergoes a differentiation into two distinct layers — an inner, constituting the true 
epithelium, and an outer, constituting the grey substance ; and although 'the former 
does not undergo the histological and morphological changes which subsequently take 
place in the mucous layer of the germinal membrane, yet it is probable that after the 
production of the outer or grey substance, it differs in its histological character from the 
originally homogeneous layer. This differentiation of structure proceeds very gradually, 
and is not at first marked by any decided line of separation, or by any difference in the 
appearance of the structural elements. At the same time there is gradually formed 
around, and apparently secreted from, the small cells or nuclei, a granular substance 
that forms into processes or fibres, and constitutes a continuous network by which all 
the nuclei or cells of both layers are uninterruptedly connected. In the grey substance 
itself there is at first little or no apparent difference in structure between its anterior 
and posterior portions, although in each portion darker and more-closely aggregated 
groups of nuclei may be observed in connexion with the roots of the nerves. But as 
development progresses, a diversity of structure ensues ; for while the nuclei of th ejposte- 
rior grey substance, although rather more granular than at first, have scarcely advanced 
in size, those of the anterior substance have increased to double their original diameter, 
and are connected by thicker fibres, which form a coarser and more granular network. 
At the same time, around the separate groups of the latter substance, the granular net- 
work (seen in fig. 35, Plate XLVIII.) between the nuclei assumes a more sponge-like 
structure, as represented at v, fig. 12. Meanwhile, within the group, there are formed 
from the nuclei a number of large, roundish or irregular but adjacent cells, with thick 
nucleated walls (x x, fig. 12). It is quite evident that the nucleated tissue constituting 
the walls of these cavities and the network around them is in every respect similar in 
appearance to that which is very commonly assumed by the connective tissue of parts 
external to the cord, as may be seen, for instance, at 6, fig. 23, Plate XLVII., which repre- 
sents a portion of the connective tissue on the outer surface of one of the intervertebral 
ganglia, with the substance of which, however, it is directly continuous. 

It appears, then, that in these early stages of development there are at least two kinds 
of free nuclei in the grey substance of the cord. The one kind appear to devclope the 
general network of tissue which pervades the entire structure, but proceed no further*; 
whereas each of the other kind, while connected with this network as well as with 
nerve-fibres, developes a nucleated cell with a nucleated wall which is still connected, 
and ultimately blended, with the surrounding reticular structure. In the cells of the 
intervertebral ganglia, although the process appears to be essentially the same, there is 
some difference in the appearance they present in the earlier stages of development. 
Fig. 23 , a , Plate XLVII. is a small portion of one of the intervertebral ganglia of a 
foetal sheep, 1 inch long. Fig. 35, Plate XLVIII. is a portion of the dark group of 
nuclei in the anterior grey substance of the cord, destined to be developed into large 
nerve-cells, from the game foetus. In the former the nuclei are joined by more sharply 
defined fibres, and there is an absence of the delicate granular network surrounding 
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the nuclei in the latter. As development advances, these nuclei or small cells of the 
intervertebral ganglia simply enlarge, at first, but at the same time are connected 
with each other and with intervening granular nuclei by fine fibres, as shown in 
fig. 24, Plate XLVII. At a later period a very distinct and well-defined nucleus, sur- 
rounded by a variously shaped granular mass, makes its appearance within each cell ; 
while its surface becomes the cell-wall, which at first is thin, but gradually increases in 
thickness. Now the surfaces of these cells are in connexion not only with the inter- 
vening nucleated fibres (as shown in fig. 24) which are continuous with the connective 
tissue forming the sheath of the ganglion, but also with the walls of the adjacent blood- 
vessels, as seen at c, c in the same figure ; and it is probably through the medium of this 
nucleated tissue that the developing cells are supplied with nutritive fluid. Indeed, if 
we except the muscular fibre-cells, with which some of them are provided, the walls of 
the blood-vessels arc only a part of the pia mater and connective tissue between them. 
On examining the layer of pia mater which immediately surrounds the cord, it may be 
seen to connect the walls of the blood-vessels which it contains with the sheaths of the 
intervertebral ganglia, and, through this, with the sheaths of their nerve-cells, on one 
side, and on the other side with the connective tissue or pia mater within the cord itself. 
In fig. 36, Plate XLVIII., ad represent the outer surface of the cord; b b the outer 
part of one of the intervertebral ganglia ; and c d the intervening layer of pia mater, 
containing blood-vessels, d, e. On its left side, the walls of the vessels (a, d), containing 
some globules, are seen to be connected by a continuous and nucleated network with 
the sheath of the ganglion, b b ; and from the right side of the walls a series of pro- 
cesses or fibres enter the cord (particularly at a , d), in which they are continuous with 
the reticular tissue of both its white and grey substance. At d there intervenes, between 
the transversely-cut vessel (d) and the cord, a layer of pia mater, from which similar 
processes are derived. These processes are not branches of the blood-vessels ; and they 
enter the cord around the whole of its circumference. Now, in the anterior median 
fissure, it may be seen beyond all question, as already stated, that this layer of pia 
mater, with the walls of the blood-vessels which it contains, is directly continuous with 
the processes of the epithelium surrounding the front of the canal (see figs. 4, 8, 9, 
& 14) ; and therefore we are warranted in concluding that a similar continuity exists 
within and around the remaining parts of the cord. But this is only an & priori con- 
firmation of what I long ago actually observed and described in the adult cord*. 
And since the sheaths of the nerve-cells have been shown to be continuous with, and 
indeed to form a part of, the reticular connective tissue of the cord, which is itself con- 
tinuous with the pia mater of the surface, it is evident that the processes of the epithe- 
lium, the pia mater and connective tissue within the cord, the walls of the blood- 
vessels, and the sheaths of the nerve-cells must be all uninterruptedly continuous with 
each other. But the sheaths of the nerve-cells are certainly connected with the sur- 
faces of their granular contents; and in the fully-developed cord, where the cell- 

• Philosophical Transactions, 1851 and 1859. 



THE SPINAL CORD IN MAN, MAMMALIA, AND BIRDS. 


m 


sheaths are much finer and thinner, processes from the cells are continuous by fine sub- 
divisions with the surrounding reticular structure, as shown in fig. 17, Plate XLVII. 
These observations, then, appear to throw important light on the question which I 
formerly proposed, as to whether there is any actual and essential difference between 
the connective and the true nerve-tissue, or “ whether the connective tissue of the cord 
be intermediate in its nature, passing on the one hand into nerve’ tissue, and on the 
other into pia mater We have seen that the cell-sheath or wall is the product of, and 
indeed is constituted by, the very surface of the primitive nucleus or cell, and that, 
while it ever after remains in connexion with its contents, it forms a part of the sur- 
rounding connective tissue, which is itself a prolongation not only of the pia mater of 
the surface, as well as the walls of the blood-vessels, but also of the processes of the 
epithelium. But although there is this uninterrupted continuity between all the con- 
stituent elements of the cord — although, perhaps, the nerve-tissue actually changes by 
insensible degrees into the tissues with which it is continuous — and although the cell- 
wall, which forms part of the surrounding reticular structure, is a product of the primi- 
tive nucleus, there is yet no ground for believing that the connective tissue, as such, can 
ever develope itself into nerve-tissue, any more than that any one of the differentiated 
parts of a fully-developed organ can reproduce the entire structure ; for the nerve-cell, 
although it developes from itself its own sheath, which forms part of the nucleated 
connective tissue, produces something more than this tissue, viz. the granular contents 
of the cell f. 

We know that processes of the nerve-cells constitute the axis-cylinders of the vaso- 
motor nerves distributed to parts external to the cord ; and therefore it seems probable 
that the finer processes which are lost by subdivision in the pia mater or connective 
tissue within the cord are the means of transmitting nerve-power to that tissue and to 
the coats of its blood-vessels, from which, by their uninterrupted connexion with them, 
as already shown, the nerve-cells in return receive their supply of nutriment. 

* Philosophical Transactions, 1859, Part I. p. 442. 

t There can be no doubt that a considerable proportion of the gelatinous substance and other parts of the 
posterior cornu are of the nature of pia mater ; but amongst this there are numerous small nerve-cells. As 
I have dwelt, however, on this point in another place (Phil. Trans. 1859), I need not repeat my remarks^ 
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Explanation of the Plates. 

PLATE XLV. 

Fig. 1. A transverse section of' the spinal column and cord in the upper part of the 
lumbar enlargement of a foetal sheep f inch in length, magnified 60 diameters : 
— A, anterior white column ; /, anterior grey substance ; g, anterior nerve-roots ; 
c , posterior white column ; b b', posterior grey substance ; d, posterior nerve- 
roots ; e, intervertebral ganglion ; a, epithelial layer surrounding the front of 
the canal ; j j , body of vertebra ; A, chorda dorsalis ; *, connective tissue 
uniting the body of the vertebra and intervertebral ganglia to the circumference 
of the cord. 

Fig. 2. A portion of the outer surface of the posterior grey substance (b) in connexion 
with the inner surface of the posterior white column (a ) ; magnified 420 dia- 
meters ; from the same foetus. 

Fig. 3. Transverse section of spinal cord in the upper part of the lumbar enlargement, 
magnified 60 diameters, from a foetal sheep 1 inch in length : — A', lateral 
column. 

Fig. 4. Transverse section of spinal cord in the upper part of the lumbar enlargement, 
magnified 60 diameters, from a foetal sheep 2 inches long : — A', lateral white 
column; r, gelatinous substance; q>, inner portions of posterior white 
column ; l £, caput cornu ; n, posterior median fissure ; q q, cervix cornu ; 
w, w, groups of large nerve-cells of anterior cornu ; o, central canal ; m, anterior 
median fissure. 

Fig. 5. Transverse section of the spinal cord of the same foetus, from the middle of the 
dorsal region. 

Fig. 6. A similar section from the upper part of the dorsal region. 

Fig. 7. Another, from the middle of the cervical enlargement. 

Fig. 9. A portion of the section represented in fig. 8, magnified 420 diameters ; — o, ante- 
rior portion of the canal ; s s, epithelium surrounding it ; f, nuclei forming 
the anterior grey substance ; g , inner bundle of anterior roots entering the 
grey substance; A, A, inner parts of the anterior white columns; m, anterior 
median fissure between them. The epithelium is seen to be continuous on 
the one hand with the network of fibres between the nuclei of the anterior 
grey substance (f), and on the other hand with the network of pia mater (m) 
prolonged from the circumference of the cord into the anterior median fissure. 

Fig. 9 + . Fresh nerve-fibres from the sciatic nerve of a human foetus of four months: on 
the left is a single fibre ; on the right several are seen as they lie together 
constituting a nerve. 

Fig. 10. A portion of the grey substance near the edge of the posterior cornu traversed 
by fibres of the posterior roots (d). From a foetal sheep 2£ inches long ; 
magnified 670 diameters. 
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PLATE XLVI. 

Fig. 8. A transverse section through the spinal column and cord of a human foetus of 
nine weeks, from the cervical enlargement; magnified 50 diameters; — 
z, lamina of vertebra ; z', muscular fibres. 

Fig. 13. One, and part of the other, lateral half of a transverse section through the 
lumbar enlargement of the spinal cord of a foetal sheep 4 inches long: — 
1 5, caput cornu posterioris. 

Fig. 14. A similar portion of a transverse section through the middle of the lumbar 
enlargement of a foetal ox 5 inches long : — l b, caput cornu posterioris, con- 
sisting of a dark mass of closely aggregated nuclei. From the outer edge of 
this mass, as well as from that of the rest of the grey substance, nuclei are 
scattered in smaller numbers through the white columns. 


PLATE XL VII. 


Fig. 11. Grey substance from the middle of the anterior cornu, traversed by anterior 
nerve-roots; from a foetal sheep 2j inches long; magnified 670 diameters. 

Fig. 12. Portion of the anterior grey and white substances of a foetal sheep 2^ inches 
long ; magnified 420 diameters : — y y\ internal part of the anterior white 
column, bordering the grey substance; x x, group of large nerve-cells in 
process of development ; v, granular and nucleated network nearer the middle 
of the anterior cornu. 

Fig. 15. Portions of a longitudinal section of the grey substance of the same foetus, in 
a direction before-backward ; magnified 420 diameters. I. Part of the caput 
cornu posterioris, intersected by the deep decussating fibres of the posterior 
roots, and posterior white column, n. Middle portion of the grey substance 
(between b and /’ fig. 14), in which the nuclei arc much larger, and the 
network between them becomes gradually coarser and looser as it proceeds 
forward, hi. A group of the large nerve-cells of the anterior cornu (w w, 
fig. 14), surrounded by thick walls, with intervening nuclei. 

Fig. 16. Portion of a longitudinal section of the middle of the grey substance (corre- 
sponding to II, fig. 15), from a foetal sheep 8 inches long ; magnified 420 dia- 
meters. ’ Numerous fusiform, triangular, and crescentic cells have becomq 
developed in it. 

Fig. 17. Stellate nerve-cell from the nucleus cervicis cornu (posterior vesicular column) 
of a human foetus of six months; magnified 420 diameters. Some of the 
processes are seen ramifying and becoming continuous with the surrounding 
network. It is not often seen so distinctly as in this case. 

Fig. 17 + . Cells from the posterior grey substance of a human foetus of four months ; 
X670. 
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Fig. 18. A portion of one of the posterior white columns of the spinal cord of a human 
foetus of five months, showing the numerous nuclei with which it is inter- 
spersed; magnified 670 diameters. 

Fig. 19. A transverse section of the spinal column and cord of the chick at the end of 
the fifth day of incubation ; magnified 60 diameters. 

Fig. 20. A similar section of the cord at the end of the ninth day of incubation : — 
n\ large mass of nucleated connective tissue replacing the inner portion of the 
posterior columns. 

Fig. 21. A transverse section of the cord of the same, through the lower part of the 
sacral enlargement. 

Fig. 22. A similar section a little higher up, between figs. 20 & 21. 

Fig. 23. Part of an intervertebral ganglion and surrounding connective tissue of a foetal 
sheep 1 inch long : — a, nuclei or small cells of the ganglion ; b, connective 
tissue on its outer surface ; magnified 420 diameters. 

Fig. 24. The same from a foetal sheep If inch in length. The nerve-cells have 
enlarged and are connected by a continuous network with each other, with 
the nerve-fibres, with intervening granular nuclei, as at U, and with nucleated 
fibres connecting the ganglion with the lamina of the vertebra, at b. At a 
indistinct nuclei are seen in the interior of the cells; magnified 420 dia- 
meters. 

Fig. 24*. Cells from the same at a little later period of foetal life ; X 420. 

Fig. 25. Portion of a transverse section of the intervertebral ganglion of a foetal sheep 
about 3 inches long. The cells have increased in size, are pyriform, a well- 
defined nucleus has made its appearance in each, and between the cells the 
interspaces are occupied by small angular or elongated nuclei. 

Fig. 25*. Cells from the intervertebral ganglion of a human foetus of nine weeks ; from 
one of the ganglia represented at e, e, fig. 8, Plate XLVI. 

Fig. 26. A nerve-fibre dividing into branches to be connected with cells. From the 
intervertebral ganglion of a sheep 3 inches long; magnified 670 diameters. 

Fig. 27. Another fibre connected with cells by division. 

Fig. 28. A group of cells in their natural position connected with ramifying nerve-fibres; 
small nuclei occupy the spaces between them ; magnified 420 diameters. 

Fig. 29. Portion of such a group, showing the manner in which the nerve-fibres are 
connected with it. 


PLATE XLVIII. 

Fig. 30. Isolated nerve-cells from the same. 

Fig. 31. Group of cells from the intervertebral ganglion of a foetal sheep 8 inches long ; 

magnified 420 diameters : each cell is enveloped in a thick nucleated sheath. 
Fig. 32. Group of cells, with nerve-fibres, from the anterior part of one of the interver- 
tebral ganglia of the chick at the end of the ninth day of incubation ; magni- 
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fied 420 diameters. At a the cells are in an earlier state of development, 
neither their walls nor their nuclei being yet very distinct 

Fig. 33. Jive large and two small cells from one of the group of subcesophageal gan- 
glia of the common slug ; magnified 420 diameters. 

Fig. 34 . An enormous cell from the same ; magnified 420 diameters. 

Fig. 35. Group of small cells or apparent nuclei, destined to be developed into the large 
cells of the anterior cornu, from a foetal sheep 1 inch in length. The cells 
are surrounded and connected by a delicate granular network. 

Fig. 36. Part of the spinal cord, intervertebral ganglion, and intervening pia mater 
from a foetal sheep 3 inches long : — a d, outer surface of the cord ; b 5, sheath 
and outer portion of intervertebral ganglion, with some of the marginal 
cells ; c d, intervening pia mater ; d, a blood-vessel cut transversely and full of 
blood-globules ; e, another blood-vessel, running round the cord : at a trans- 
verse processes are seen proceeding from the nucleated wall of the vessel to 
the surface of the cord ; at d similar processes are given off from the pia mater, 
which is merely a continuation of the nucleated walls of the vessels. On 
the other side, the pia mater and walls of the blood-vessels are seen to be 
continuous with the nucleated investment of the intervertebral ganglion, b b. 

Figs. 37 to 44 are exact representations of transverse sections of the spinal cord of a 
human foetus, all magnified about 34 diameters. The actual and relative 
quantities of the grey and white substance are well seen in each. 

Fig. 37. A transverse section of the conus medullaiis : — l b, caput comu posterioris ; 

f, anterior comu ; o, canal ; c, posterior white column ; lateral white 
column ; A, anterior white column ; m, anterior median fissure ; n, posterior 
median fissure. 

Fig. 38. A transverse section through the lower third of the lumbar enlargement: — 
d y posterior nerve-roots ; q, posterior vesicular column ; w, increasing groups 
of large nerve-cells in the anterior comu. 

Fig. 39. A similar section through the middle of lumbar enlargement. The posterior 
vesicular column (q) forming the inner half of the cervix comu has enlarged, 
but hitherto consists chiefly of a multitude of small cells. Through it aqd 
on its outer side several curved bundles of the posterior roots sweep forward 
and inward, and separate it from the outer half of the cervix, at the border 
of which are several dark spots, representing the cut ends of longitudinal 
bundles. In front of the canal (o) are the decussating fibres of the anterior 
commissure, and behind it is the posterior commissure. The group of nerve- 
cells in the anterior comu has much enlarged. 

Jig. 40. Similar section through the upper third of the lumbar enlargement. Here the 
cells of the posterior vesicular column {q) or nucleus of the cervix comu have 
increased considerably in size : they are nearly all equal to those of the ante- 
rior comu. The groups in the anterior comu are much diminished. 



938 ON THE DEVELOPMENT OF THE SPINAL COED IN MAN, MAMMALIA, AND BIRDS. 


Fig. 41. Section through the lowest part of the dorsal region, or upper end of the 
lumbar enlargement. Here the posterior Vesicular column (q) is larger than 
in any other part of the cord, and consists chiefly of large, oval and stellate 
cells. Here also we first distinctly see the tractus intermedio-lateralis (tf), a 
tract of smaller cells between the anterior and posterior cornua, and project- 
. ing in a conical form from the border of the grey substance into the lateral 
white column. 

Fig. 42. Another section, through the middle of the dorsal region. The posterior vesi- 
cular column diminishes in size. 

Fig. 43. A section through the upper part of the dorsal region ; the tractus intermedio- 
lateralis (t) is very prominent. 

Fig. 44. Another, through the middle of the cervical enlargement : — e 1 , the posterior 
lateral fissure, through which the outer fibres of the posterior roots (d) are 
seen to reach the dark spots or longitudinal bundles on the outer side of 
the cervix cornu, with which they become continuous. These longitudinal 
bundles are more numerous here than in any other region of the cord. On the 
inner side of the cornu, other fibres of the roots are seen sweeping both around 
and within the posterior vesicular column (q). This column is here again 
large, but consists chiefly of a multitude of small nerve-cells. The groups of 
nerve-cells in the anterior cornu have again increased in size. These groups, 
and indeed the whole of the anterior cornu, as well as the outer part of the 
cervix of the posterior cornu, are supplied, as represented, on the left side, by 
a beautiful branch of a large blood-vessel ( v ), which enters through the anterior 
median fissure (m), and bifurcates right and left, at its bottom, through the 
anterior commissure. The parts behind the canal are supplied by other 
vessels running transversely and derived in part from a larger longitudinal 
vessel on each side of the canal, and of which the cut ends are seen in the figure. 
In the lateral white column is a somewhat oval space (</') occupying nearly 
the whole of its area, and of a lighter and greyer colour than the rest. This is 
apparently due to a greater abundance of blood-vessels and pia mater. It is 
limited chiefly to the cervical and dorsal region. The wedge-shaped column 
(p') on each side of the posterior median fissure, and forming part of the 
posterior white column, is very strongly marked in this figure. Its tapering 
end is gradually lost in the deep part of the column on its outer side. At 
this period they are limited almost entirely to the cervical enlargement; at 
an earlier period they may be traced lower down (see figs. 4, 5, 6, & 7). 

Fig. 45. Part of the chorda dorsalis of the chick at the end of the ninth day of incuba- 
tion, with some of the surrounding cartilage-cells: — a, chorda dorsalis, con- 
sisting of a nucleated network of fibres, having precisely the appearance of 
connective tissue ; b , cartilage-cells around its circumference, in different stages 
of development : in one the nucleus is seen undergoing division. 
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XXXVII. On, Spectra of Electric Light , as modified by the Nature of the Electrodes and 
the Media of Discharge. By the Bev. T. R. Robinson, D.D., F.B.lS ., dec. 

Received June 19*, — Read June 19, 1862. 


The important discovery of Wheatstone, that the spectra of electric sparks contain 
brilliant lines whose character depends on the nature of the electrodes, after being almost 
neglected for several years, has lately become an object of great interest ; and much 
additional light has been thrown on it by several physicists, of whom Masson, Angstr5m, 
PlDcxer, and Kirchhoff are the most conspicuous. Angstrom has announced as a 
general law that the lines in question are produced by the electric current igniting the 
medium in which the discharge takes place, or molecules of the electrodes which are 
tom off by its passage, that each of these actions produces its own spectrum, and that 
those spectra are simply superposed without any modification. The gases with which 
he worked were at the ordinary pressure. PlUcker, on die other hand, used the well- 
known Geissler tubes, which contain minute proportions of highly rarefied gas or vapour. 
He attaches very little importance to the lines due to the electrodes (metallic lines), which 
he thinks are confined to those portions of the spark near the electrodes ; and he main- 
tains that in the centre of an exhausted tube of some length only gaseous lines are seen. 
He was embarrassed in several instances by the decomposition or absorption of the 
gaseous media ; and there must always be some doubt as to the precise nature of these 
media, as the tubes are hermetically sealed. On the other hand, Kirchhoff seems 
to attach most importance to the metallic lines, whose influence he has exhibited to a 
wonderful extent by a spectrum-apparatus probably unrivalled. All hold the doctrine 
of an essential connexion between the character of the spectral lines and the chemical 
nature of the substances which are present in the track of the discharge ; and the last, 
in conjunction with Bunsen, has based on this principle the new system of spectral 
analysis, which is rapidly becoming popular, and has applied it to explain the dark 
lines of the solar spectrum in a way which, if not absolutely certain, is singularly elegant. 
Yet it is impossible to overlook the fact that, in all this, much is assumed, not proved. 
Has it been established that these lines depend so absolutely on chemical character that 
none of them can be common to two or more different bodies 1 Has it been ascertained 
that, while the chemical nature of the bodies present remains unchanged, the lines never 
vary if the circumstances. of mass, density, &c. are changed! And what evidence have 
we that spectra are superposed, so that we observe the full sum of the spectra which the 

• The continuation of the paper, from p. 974 to the end, was not received complete till September 1 ; but 
the conclusions therein contained are embodied in the abstract presented to the Society on June 19, 1862. 
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electrodes and medium would produce separately 1 Lastly, is it certain that electricity 
produces light merely by its heating power! and may not the same action which 
produces thermic vibrations, also (and independently) produce luminous ! 

Some of these questions I have endeavoured ; to investigate and the attempt can 
scarcely fail to be of use, were it only to direct attention to the subject. 

My attention was originally turned to it by observing, some years ago, that the dis- 
charge in carbonic oxide, which is white at common pressures, becomes bright green 
when the gas is highly rarefied. The spectra in these cases differed so much that I 
determined to examine them in various gases and metals ; and I procured the apparatus 
which seemed necessary. That of Steinheil had not been contrived then ; and my want 
of experience in such researches caused at first some mistakes, but by degrees I corrected 
them ; and though my instrument is of comparatively limited power, the results are, I 
hope, not without importance ; and I have given details sufficient to estimate the errors 
which may affect them. 

The source of electricity in my experiments was an induction-machine. Till July 
1860 I used one by Hearder, having three miles of secondary wire ; after that, one which 
I have described*, with the substitution of copper wire for iron. It has 9*5 miles, of 
which three are not lapped, merely varnished ; and when excited by three Grove’s, each 
of which has 49 square inches of platinum acting, it gives abundantly sparks 6*8 inches 
long. By a simple device its two coils can be in an instant made to act collaterally 
instead of consecutively, thus reducing the intensity but doubling the quantity. Then 
the sparks are only 2*5 inches, but very dense and luminous, and possessing a far higher 
power of ignition. A Leyden jar, each coating l - 25 foot, was normally connected with 
the terminals, as the spectrum of the simple spark is far more faint and unsteady: I 
have given one as a specimen in Table III. With this jar there is a continuous stream 
of discharge at 0 6 inch. 

The discharges were made in the open air, or in tubes about 0'2 inch diameter and 
6 inches long. With rarefied gases they would be more luminous if the tubes were capil- 
lary ; but in that case it would be very difficult to clean them from the coatings of metal 
or oxide which are deposited, most densely near the negative electrode, but often on the, 
whole interval. In some metals, of which the most notable are lead, cadmium, bismuth,* 
antimony, arsenic, and above all tellurium, this deposit was so thick that at the close of 
an experiment it was difficult to see the fainter lines, and I found it necessary to employ 
for common density a tube 1 inch diameter. Even this was coated, but not so thickly 
as to give much trouble. The upper electrode (which was, in all cases but one, positive) 
was attached to platinum wire fused in the tube. It was sometimes soldered to it, at 
other times twisted with it; and when I could not procure the metal as wire or foil, a 
globule of it was fused by a gas-blowpipe, a platinum wire inserted in this, and the heat 
withdrawn. For nickel and cobalt, the blowpipe was oxyhydrogen. As the electric 
light does not spread over the positive electrode, it was unnecessary to insulate the 
platinum wire ; but with the negative it is otherwise ; and when I, had not enough of 

* Philosophical Magazine, April 1859. 
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the body to giro a length of some inches, it was inserted in a piece of quill tube, whose 
lower extremity was fused on platinum wire reaching up to it; and this was inserted in 
the discharge-tube. In tubes the distance of the electrodes was about 0*75, in open air 
0*10. The discharge-tube was cemented in a cap screwed to the air-pump, or rather to 
a transfer piece. This is a cylinder of brass with a concave screw above, a stopcock 
below screwing to the air-pump, and a lateral one connected with a desiccator. The 
desiccator is a bottle 8 inches deep and 2 inches diameter, fitted with a ground stopper, 
in which are two apertures. In one of these is cemented a tube which is connected with 
the transfer ; in the other, one descending to the bottom of the bottle, where it is drawn 
into a. capillary point, its upper end being connected with either another desiccator or a 
gasometer. The desiccator is filled nearly with sulphuric acid. Supposing the transfer 
and the tube exhausted, shut # off the air-pump cock and cautiously open that which 
connects the desiccator ; gas bubbles up slowly through the acid and fills the transfer 
• and tube. Shut off the desiccator, connect the pump, and exhaust. By repeating this 
process ad libitum all traces of air or any gas previously used are removed, and nothing 
is present but the subject of experiment. It is almost needless to say that every part 
of this apparatus, including the air-pump, must be absolutely* air-tight. To ascertain 
whether this means of desiccation is sufficient, I used Kater’s oat-beard hygrometer. In 
the air of the room it read at 60° 3-358 R. It was then placed under a receiver con- 
taining a capsule exposing 20 square inches of sulphuric acid for five hours at a pressure 
of 0*3 inch, when it read 0-455 R The receiver was then filled with air drawn through 
the desiccator as rapidly as could be done without drawing acid into the pump. In 10"* 
it read 0-285 R Admitting air and introducing a slip of bibulous paper moistened with 
water, in 40 m it was 8-480 R; and when left in the air of the room some hours it was 
again 3-258. It is therefore evident that in this respect nothing more can be desired. 
Sulphuric acid also absorbs sulphurous acid and nitric oxide ; but when other acids 
might be present, a second desiccator was used filled with concentrated solution of 
potassa. 

The gasometer was made of a Woulfe’s bottle holding 75 cubic inches. In its central 
neck is cemented a siphon, one .branch of which reaches to its bottom, tha other to the 
"bottom of a bottle of rather larger capacity ; in the other two necks, stopcocks are 
cemented', one of which (A) is connected by elastic tube withr the desiccator, the other 
(B) with any apparatus for generating gas. Suppose the Woulfe filled with water (or on 
.a smaller scale with mercury). Let gas be supplied to B, the water will be displaced by 
it through the siphon into the bottle ; then closing B and opening A, the transfer and 
Its tube are filled. If the water has been boiled for a few hours and cooled without 
exposure to the air, I find that gas continues in this gasometer sensibly pure for a much 
longer period than the duration of a day’s observations. For operating on vapours free 
from any mixture of permanent gas, I use a mercurial apparatus, consisting of a strong 
Wcmlfe’s bottle in whose three necks are ground (1) a glass stopcock, (2) a tube in which 
• That which I use has kept for a month a vacuum of 0*1 inch without variation of Q-QGL 
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a platinum wire is sealed long enough to dip in the mercury and serve as the negative 
electrode, (3) a tube also dipping in the mercury, and with a platinum electrode at topi 
If the bottle be filled one-third with pure mercury, and the stopcock be connected by a 
caoutchouc tube* with the transfer and the apparatus exhausted, the tube can be filled 
with mercury, which on erecting it falls, leaving a vacuum, through which discharges 
can be passed by the electrodes. If the tube has been perfectly cleaned by filling it with 
nitric acid and washing it with distilled water, dried by sulphuric acid in a vacuum, and 
finally wiped with a morsel of linen which has been boiled in distilled water, after being 
fastened to a flexible wire, on inclining the tube the mercury will fill it without leaving 
the least speck of aiir, and will often adhere with considerable force. It, however, always 
falls at the first discharge. In this case the space is filled with mercurial vapour alone. 
If a few drops of any volatile fluid be introduced into the tyibe, by filling it with mercury 
the excess is expelled, and the vacuum contains only its vapour highly rarefied. With 
phosphorus, the tube filled with water wus warmed till it fused and adhered to the 
upper part ; the water was removed, and the tube put in its place. The apparatus was 
then repeatedly filled with dry nitrogen till all traces of moisture disappeared. If a 
platinum wire of sufficient length be introduced below, both electrodes are platinum ; 
and if the upper part be bent so that the descending branch remains full of mercury, 
both are of that metal. 

Prisms . — For three-fourths of the observations I used a prism by Merz, with an angle 
45° 35' -4. By sets of from eight to twelve it gives, for the deviations of Fraunhofer's 
lines, o , 


A . . 

. 32 20 00 . . 

. f i 

1*6230 

B . . 

. 32 32*04 . . 


1*6259 

C . . 

. 32 38*88 . . 


1*6285 

D . . 

. 32 56*50 . . 


1*6336 

E . . 

. 33 20*26 . . 


1*6405 

F . . 

. 33 41*67 . . 


1*6467 

G . . 

. 34 23*06 . . 


1*6587 

H . . 

. 35 0*06 . . 


1*6692 


It is therefore nearly identical with Fraunhofer’s flint No. 2, but in dispersive power 
it is far inferior to those used by Masson ahd PlUcker. After working with it a long 
time, I found that several bright but cloudy bands which it showed were resolved into 
two, three, or more by a prism of bisulphuret of carbon having an angle of 60°. The 
indices of this fluid change so much with temperature, that I did not venture to employ 
it ; and I obtained from Mr. Duboscq a prism of 60° 3'*54 angle, which, though nearly 
of the same density as the Merz, is more effective, in the proportion of 3 to 2. Deter- 
mining with it Fraunhofer’s lines, and comparing with their deviations in Merz, I 

* This, with which I was supplied by Messrs. Silvzb, is far superior to vulcanised tube, which always 
leaks. The glass apparatus was made with great precision and intelligence by Mr. CillLU. 
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formed by interpolation a Table of reduction to the latter, by means of which all are 
given on the same scale. The two glasses are so nearly similar, that it was not neces- 
sary to go beyond second differences. Even this prism leaves several bands unresolved, 
though often giving a suspicion of their compound character, which in some recent 
instances I have verified by combining two 60°-prisms of the bisulphuret. 

It is an object of great interest to ascertain whether there be any special relations 
between the wave-lengths of these luminous bands. In aid of this I subjoin a Table 
giving the value of \ for every five minutes of Merz’s deviations within the range of my 
observations. It has been computed by a very simple form of interpolation given by 

Professor Stokes*. Assuming and taking (i and - for any two of Fraun- 

hofer’s lines, we get, for any intermediate (i, the i simply by proportional parts. This 

is so accurate, that it gives correctly one of the intermediate lines by taking the double 
interval, as D from C and E ; even H from F and G. 
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+ 1 
+ 1 
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Theodolite . — For the use of this instrument I am indebted to Mr. Grubb, who made 
it many years since to determine the [is of the glasses for his object-glasses. It is of 
• simple and very firm construction. A strong brass disk, supported by three screws, has 
on its upper surface a circle 9*5 inches diameter graduated to half degrees, and carries 
laterally the supports of a collimating telescope 9*5 inches focus and 1 inch aperture, 
which is provided with an adjustable slit. Above the disk turns a brass plate bearing 
two verniers in the plane of the divisions (.which read to minutes), and supporting the 
telescope, with a triple object-glass 7 inches focus and 0’9 inch aperture. Below the. 
disk turns another circle, similarly divided on its cylindric surface ; its axis rises through 
that of the upper plate, and carries a table d inches diameter, which bears the prism. 
The axis of the prism is adjusted by observing the images of the slit reflected from its 
surfaces, which also give its angle by means of the lower circle. Some of these matters 
require a few remarks. 

1. The telescope (and the collimator also), though sensibly achromatic on a day-object 
• Report of the British Association, 1849, Trans, of Sections, p. 11. 
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or the moon (and very sharp), is over-corrected for G and the rays beyond it : as no pro- 
vision was made for changing the distance of its object-glass from the system of wires*. 
I at first had some difficulty from parallax at that end of the spectrum, till such an adjust- 
ment was applied. The eyepiece (positive, magnifying nine times) was also not achro- 
matic, and had to be constantly focused. It was replaced by a microscope’s objective 
about 0*4 inch focus, magnifying 14 with the- prism. A higher power, and even a 
larger object-glass, avails little in comparison of an increase of the prism’s dispersion. 
Thirdly, I found the cross of spider’s lines useless, except for the brightest lines. In 
the spectra of rarefied gases, which are very faint, it is difficult to see them, and I sub- 
stituted the point of a fine needle, carefully ground to be a sharp wedge. One can 
estimate very nicely the equality of the tongues of light on each side. These changes 
were not made till about fifty spectra had been measured, which, therefore, are not aa 
well determined as the rest. 

2. The collimator certainly possesses advantages over the simple slit which Fraun- 
hofer and his predecessors used in studying the spectrum. It requires no correction 
for parallax, secures from any accidental shift of the theodolite, and brings the observer 
close to his work ; but it has the great defect of diminishing the light. Unless the slit 
be very narrow, it is impossible to distinguish close and fine lines. I find that with the 
instrument which I am describing, and the Merz prism, I cannot sec D double if the 
slit subtend more than 72", which corresponds to a width of inch. If it be 3' (the 
opening used by Plucker) I cannot see any of Fraunhofer’s lines, and the finer parts 
of electric spectra are lost. Obviously the quantity of light must diminish with the slit, 
and the evil is made greater by the necessity of keeping the latter at some distance from 
the discharge. If it be nearer than 1 ‘5 inch, or at most 1 inch, the inductive action of 
the spark charges the theodolite, and the observer, on applying his eye to the telescope, 
gets a stream of pungent sparks anything but pleasant. But in order that the whole 


object-glass may be illuminated, we must have this distance less than j , A 

andybeing the aperture and focus. This limit in the present instance =0*03 inch, from 
which it is obvious that a comparatively small portion of the light can reach the object- 
glass. . I was led to this discussion by a fact which at first startled me a little. When 
obtaining the deviations of Fraunhofer’s lines, I was surprised to find that H was not 
visible to me, nor any line beyond h ; though in 1838, with the same prism, but with a 
slit in the shutter 15 feet distant, I saw several beyond K. I concluded that my eyes 


had become insensible to rays of short wave-length (in analogy to Wollaston’s inaudible 
sounds), or that their humours had undergone some change by which they absorbed 
that part of the spectrum ; but never suspected the collimator. However, last year, while 
examining a very fine Munich grating belonging to Mr. Stokes, I was surprised to find 
that it showed me the missing lines perfectly here the aperture was a slit -fa at 18 feet. 
He was so kind as to entrust me with the grating ; and on my return home I found 
that with the collimator it behaved no better than the prisms had done, but that with 
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the plain slit it recovered its power: the same was the case with my prisms. That the 
sole cause of this was the narrowness of the slit, and not any peculiar action of the •colli- 
mator, I verified by attaching to the stand of the theodolite a good object-glass of 8 feet 
focus, and placing it at that distance from the slit ( 3 ^). This arrangement gave vision 
that was first-rate, and sliQwed lines in an electric spectrum 14' beyond the^last of those 
that were visible in the usual mode of observing. It follows from these facts, that the 
collimator’s focus should be as long as possible consistent with convenience ; and I will 
suggest that it should be a cassegrain instead of an achromatic. The equivalent focus 
of this is from six to seven times that of the large mirror, and I find by a rough trial 
that the image is very sharp. If the mirrors of A were glass silvered on Foucault’8 
plan, it would have as much light as the achromatic, and be free from all chromatic 
error. I have recently found that the brightness of faint lines is much improved by . 
using a cylindric lens before the slit. The slit was generally one minute wide. 

3. The precision of the angles measured depends, on the determination of the index- 
correction, on the precision of the bisection, and on ther reading of the circle. The zero 
was obtained at the beginning, and also often at the end of each set, by bisecting the 
slit when illuminated by nearly homogeneous light. At first this was done by inter* 
posing a slip of red glass; latterly, in preference, by using the flame of a Bunsen burner 
in which chloride of sodium was present. The bisection is sometimes doubtful from 
the flicker of the discharges, more frequently from faintness of the lines, whether 
intrinsic or relative to the ground on which they are seen, and occasionally from want 
of sufficient light to see the point. The verniers read only to minutes ; but the half 
minute is easily estimated, and so 0'-25 may be considered the uncertainty of reading. 
It is desirable to form some estimate of the probable amount of error due to the com- 
bined action of the three. This is done by observing twice over the same spectra, and 
comparing the differences of the observed lines ; from which may be obtained the pro- 
bable error, and the probabilities of given observed differences being errors of Observa- 
tion, or evidences of the lines not being identical. Unless the graduation were much 
finer than it is, this process would* not be of any real value ; and a much simpler one may 
serve. In this work 325 such differences were observed, of which number there were, 


Equal to O' . . . . 

86 . 


. 86 . 

Comp. 

. 239 

From 0' to ±0''5 . . 

. . 131 

Not exceeding 0'*5 . 

. 217 . 

. 108 

From iff’S to il ;, 0 

. . 89 

Not exceeding l'*0 . 

. so6 . 

. 19 

From ±l f, 0 to ±1'*5 

. . 15 

Not above l'*6 . . 

. 821 . 

4 

Above l'*5 .... 

. . 4 





We may reason thus : if the difference of the places of a certain line in two spectra 
exceed 0'*5, either the lines are identical and the difference is error, or they are distinct ; 

the probability of the first happening =^, and therefore that fff the other 

it » 2 to 1 they are not the same. If the difference exceed 1^0, it is 16 to 1, if l'*6, 86 
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to 1. Two things, however, must be remembered : these errors may be ± ; and there- 
fore, in comparing a series, the limit is nearly doubled ; and further, thefe probabilities 
may be much modified by other circumstances. For instance, a line or band may be 
identified by some peculiarity, even if the difference be greater than the probable limit. 
In general I would fix the limit to ±1'*0 from the mean. 

I at first read both verniers ; but found this consumed so much time, that I deter- 
mined the excentricity of the upper circle and allowed for it. This correction for the 
vernier A =s0'*75 x sin (160° -fp). 

The gases which I selected for experiment are — 1, air ; 2, nitrogen obtained by heat- 
ing nitrite of potassa with saturated solution of sal-ammoniac ; 3, oxygen ; 4, hydrogen : 
these last two were obtained by electrolysis of pure oil of vitriol diluted with eight 
volumes of 'distilled water, in a voltameter of peculiar construction. A porous cell has 
a cover cemented on it with three tubulures ; one for admitting the dilute acid ; one 
for a strong platinum wire to which is soldered with gold a platinum sheet, exposing 
19 square inches; the third carries away the evolved gas. Round this cell a larger 
platinum is rolled, and it is immersed in a jar filled with the same dilute acid. When 
connected with the three Grove’s already mentioned, it gives 8 inches of hydrogen per 
minute. Both the gases I believe to be quite pure, except as to ozone, when thus 
obtained. 5. The carbonic oxide was got by heating sulphuric acid with ferrocyanide 
of potassium. 

As to the metals, the platinum and silver were obtained from Messrs. Johnson and 
Mattiiey, the aluminium from Paris. I am indebted to the kindness of Dr. Matthiessen 
for calcium, tellurium, and gold. The palladium was given to me by Dr. Wollaston ; 
tin, lead, and bismuth reduced from oxides carefully prepared ; zinc, iron, and antimony, 
deposited by electrolysis on platinum wires. Cadmium, nickel, cobalt, magnesium, 
sodium, and potassium were got from Messrs. Jackson and Townson. 

The -spectra at common pressure (C.P.) are in general magnificent objects. Their 
ground seems to be a continuous spectrum, of which, however, the brightness varies very 
much with different substances and at different parts. Sometimes, especially at the 
violet end, this ground is so faint that its presence might be questioned ; but I believe it 
exists even there. On this are, as it were, superposed luminous lines of every degree of 
brightness, from a splendour almost insupportable, to a faintness such that (at least 
with my optical means) the least glimmer of diffused light in the telescope totally effaces 
them. Most of these lines are (as might be expected) as broad as the image of the 
slit a few are much broader, even to six or seven times. Such are, I think, always 
cloudy and ill defined, giving the impression that they are groups of finer lines, which 
the optical power is insufficient to separate. In several instances this is shown to be 
the fact by the combination of two fluid prisms of 60° (2BS.C), of which the two most 
remarkable are those which I call £, in the green, and x", at the beginning of the violet. 
The first was seen in the Merz prism as a broad bright band, but it is ft crowd of very 
fine lines, of which the central one is much the brightest ; and some of the others are 
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developed in different spectra: the second (not resolved in Duboscq) consists of six 
bright and sharp lines. Even this power fails to decompose the remarkable blue-green 
and violet bands which characterize the hydrogen spectra C.P. Perhaps a third prism 
might, but there is no room for it on the theodolite. 

A third class of lines is narrower than the slit, down to the finest hairbreadth ; they 
are mostly sharp and well defined, sometimes very bright. Their occurrence is not 
easily explained ; for in the ordinary conditions of these observations each ray illumi- 
nates the whole slit, and the image of the line due to it ought to be as broad as that slit. 
The only explanation which has yet been proposed (by Pl^cker) is that they are caused 
by the overlapping of two images the distance of whose centres is less than the slit. 
It is, however, liable to two objections — that the brightness of such an overlap cannot 
exceed twice that of the ground on which it is seen, and that it would be often resolved 
by a prism of higher dispersion: the combination 2BS.C disperses seven times as much 
as the Merz, and ought surely to break up some of them. This is not, as far as I have 
examined, the case; and some of these lines are as intense as any in the spectrum. 
These narrow lines are sometimes very thickly crowded, as in the green and blue of iron 
spectra, and in those of carbonic oxide ; and p’ossibly they may compose the bright 
ground when so close as to be unresolvable. There is a seeming tendency in them to 
be grouped in two, three, or higher numbers, which, however,, might disappear with 
more powerful prisms ; but with those I use one can scarcely avoid thinking that there 
is some special connexion between the components of such groups ; such are enclosed in 
brackets. 

Some of the most brilliant are double, as the orange one y, supposed to correspond 
with D (though its components seem to me more separated than those of that line), the 
splendid yellow i, and the greens n and 6. 

At that boundary of the spectrum which corresponds to the negative electrode (and in 
a much less degree at the positive) extremely intense lines are seen, especially in the 
green, which however are short : bismuth, zinc, lead, and arsenic are the best examples 
of this. These are generally supposed to be metallic lines, and to proceed from the 
intense dispersion of metal near the electrodes, especially the negative. It has even 
been proposed to consider this not crossing the entire breadth of the spectrum as a test 
of metallic origin, and to regard the others as gaseous. I, however, find that these very 
lines can be traced entirely across though sometimes very faint, except when the entire 
part is covered with a sort of bright haze, through or on which nothing can be seen 
which is not very bright. It seems to me that the existence of a line and its brightness 
depend on different causes ; and I shall give instances when the same line assumes very 
different aspects as the media of discharge are changed. I may add that the sort of 
haze just mentioned does not occur at the negative electrode. 

The spark discharge without a jar is so much fainter that none but the brightest lines 
can be seen. If the surface of the jar be increased (for the converse reason) more lines 
are visible, but I think no new ones are produced. One or two examples will be given, 

mdccclxii. 6 o 
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If the secondary coils be arranged for quantity, the red end is not changed, the violet 
is much brighter. 

On rarefying the gas in which the discharges are made (E) there is at first no change, 
except perhaps a little diminution of brightness, till at a certain pressure (varying with 
the media and diameter of the tube) the spectrum fades away. Sometimes, as with 
CuO (i. e. copper electrodes in oxygen), all vanishes except a trace of the lines at 
0*75 inch; in SbN all but a trace of b; in NiN, at 2*8 inches, all but a suspicion of 
violet light, and sometimes perfectly dark bands take the place of bright lines. In 
others the change is not so striking. In Al, Air, at 1*2 inch, the chief violet lines 
remain tolerably conspicuous ; b can be seen, but tj and * vanish ; in Pt, Air, tube 1 inch 
diameter, at 6 inches the first half fades to a neutral-tinted haze with faint alterna- 
tions of brightness, and the rest has eleven definite but faint bands. In general, how- 
ever, it may be considered the rule that from 3 inches to 1 inch these spectra almost 
vanish. I will only mention another, PbH. In hydrogen spectra, at C.P. the most 
distinctive characters are a very bright red line (found in all spectra, but not so bright) ; 
a very bright and broad one at the confines of green and blue, and a similar one in the 
violet. Of these the last diappears’at 5*3 inches; the red at 3*1 inches; the blue 
not totally till 0*15 inch ; but this is doubtful, as it may have been confounded when 
waning with another which was near its place. It deserves notice that this disappear- 
ance of the peculiar hydrogen bands is also produced when the hydrogen is diluted with 
air. The electrodes were cobalt ; 20 cubic inches of hydrogen were mixed with 10 of 
air, and the spectrum of the mixture examined ; its volume was reduced to 20, 10 more 
of air added, and so on ; the degree of dilution was easily found from the number of 
additions ; and it was found that the violet band vanished when H is 0*2 of the mixture, 
the blue when 0*09. These correspond to hydrogen under the pressures 6 inches and 
2*7 inches: the red could not be determined, as air has the same band. 

If in any case we rarefy beyond the limits of these transition spectra, bright lines 
reappear, but not all in the same places or with the same characters. Ordinarily the 
brilliant lines of the C.P. spectra are wanting, though sometimes lines which are faint in 
them assume this type in the others. The red, yellow, and green seem diffused in 
cloudy light ; and the violet system is replaced by a set of broad cloudy bands nearly 
equidistant, and more conspicuous than the less refrangible ones. The red band, which 
almost always begins the C.P. spectra, is often wanting, and when it does occur is insu- 
lated in darkness, but at the other end both spectra are nearly of the same length. 
These E spectra are in general much less luminous, and show little distinction of 
colours unless the metal of the electrodes be easily vaporized. That of tellurium is 
very bright, containing thirteen brilliant lines ; and under every circumstance of pres- 
sure or discharge, those of potassium and sodium show the dazzling orange bands. 

As might be expected from their greater faintness, they contain fewer lines, or at least 
fewer are visible ; but it is remarkable that of this number a considerable proportion is 
not found in the C.P. spectra. The percentage deduced from fifteen metals is 
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Air 0-39 

Nitrogen 0*32 

Oxygen 0*39 

Hydrogen 0*66 

Carbonic oxide 0*37 


Of this, two explanations may be given. It may be said that these lines are not seen 
at C.P. because they are overpowered by the brightness of the ground on which they are 
seen. In some cases (of which examples are given hereafter), especially in hydrogen, this 
cause does act in some degree. In that gas the centre of the C.P. spectrum was at first 
observed, where, as I have stated, the finer lines are not easily seen with some metals ; 
and then the percentage was very high ; but at the negative boundary this bright haze 
does not interfere, and when observed there , the proportion is almost exactly that of the 
other gases. Besides, it occurs frequently that in the C.P. spectrum, on each side of the 
place where the missing line should be, faint and narrow lines are seen with perfect 
distinctness. The other solution is this, that these lines do not depend entirely on the 
chemical character of the media and electrodes, but also on their molecular condition. 
On any other supposition it seems hard to conceive the passage from the C.P. to the 
transition spectrum, and the increase of brightness frem that to the R one, the same 
chemical elements being present in the three. • 

In presenting the measures of these spectra, there is a difficulty arising from the 
impossibility of giving, within any practicable limits, the distinctive characters of the 
phenomena, though they are of considerable importance. For instance, the orange 
band y, which in the sodium spectrum is “ intensely bright,” is in Pt, CO “ faint, 
scarcely visible.” To tabulate them I must restrict myself to a few distinctive symbols. 
First, the lines which are far transcendent in brilliancy, and are not less broad than the 
image of the slit, I denote by a #. This implies merely that they surpass the others 
greatly ; one in red or violet may fully deserve this symbol, though it would seem dull 
beside $ or 6. Not very frequently the same line has this mark in C.P. and R, but, 
except with sodium and potassium, less bright ; and sometimes one which is faint in C.P. 


is a # in R. Then follow 

Very bright, bright vb, b 

Conspicuous (from surrounding faintness rather than intense brightness) . c 

Faint, very faint f, Vf 

Narrower than slit n 

Very narrow, like a hair vn 

Wider than slit (the exponent expressing how many times as wide) . . w" 

When they are on an obscure ground 


The symbol R implies that the pressure = 0*2 inch unless a different one is stated. 

I shall commence with aluminium, which I selected as the type because, from its small 
dispersion at the negative electrode, it may be assumed that its influence on the spectrum 
bears a small proportion to that of the gas. 

6 o 2 
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Table I. — Aluminium, 


Nitrogen. 


Oxygen. 


13 nb. 

13-4 b. 

1 6*5 wf. 

17-4 b. 


54 f. 
1*5 f. 

7*5 b. 
ll’"K' 

15 

18 b. 


[30 b. 


39 c. 
42 e. 
45 b. 


Hydrogen. 


38*7eo. 

43* f." I42-8 »o 
45*5 f. 


57-7 f. 
59*5 f. 
3 f. 
3-3 b. 

6 o. 
8 c. 


C.P. 


385 

48 


Cub. oxide. 


B. 


19-7 f. 
22*1 f. 
24-1 c. 

26-4 f. 
80-8o. 


40-8* 


38-8 b.vn. 
40*8 * n. 


.36*3 we. 136-8 vf 
38-2 vf. 

41-6 Tf. I 


10-5 I b 


51 b. 
55 b.’ 
l b. 


52 o. 

54 c. 

58 

double e. 
58-5 b. 

0- 4 f. 

1- 7 f. 

s-si o. 

4 9 c. 


7-8 I o. 
10-1 b. 
10 8 o. 
13-4 o. 


16 b. 

21 b. 
28 b. 


The first of these, air, C.P., was taken with Duboscq, and after the telescope had peen 
improved ; when first taken it showed only twenty-five lines, of which the grodps £ and 
X were seen as broad bright bands. Air R. was taken at the same time, the others, 
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except H, C.P. (which was taken with Duboscq, and at the negative boundary) were 
with Merz, but with the improved telescope. As first observed, and at the centre, this 
last showed only eight lines. 

It will be remarked that all the lines in the C.P. of nitrogen, and all but one in that 
of oxygen, are found in air, as might be expected ; often a line is common to the three, 
and then that in air is of intermediate character. But the same line is also often found 
in the other two gases. It is generally supposed that this indicates the metallic origin 
of that line ; but it will be found that many occur, not only in all these gases, but with 
all or nearly all the electrodes which I have tried. I shall return to this at another 
time, now making a few remarks on those before us. 

The pair «, ol are of almost universal occurrence at the origin of the spectrum ; ct has 
close before it a narrow but bright companion, whose place has sometimes been taken ; 
but outside of that there are merely shadowy traces scarcely ever bright enough to be 
bisected. In a very few cases, however, one of them becomes predominant, e. g. silver 
and iron. In H (hydrogen) spectra, one of this pair acquires an intense brilliancy, 
which is peculiar to this gas, while the other fades away. It is to be noted that a is 
exactly in the place of the solar line C. These and /3, /3' are in the red. No. 7, y is an 
orange band, nearly but, I think, not exactly in the place of D. When viewed with the 
combination 2BS.C, it is double in all cases which I have examined ; but the distance of 
the centres of its components is fully twice that of the components of D. No. 11, & is 
yellow, generally extremely brilliant, except in one ; it is seen in 2BS.C double, the 
second one being about half the breadth of the preceding. Before it is a narrow orange 
line, and before that No. 10, which seems to attend it constantly . Nos. 14 c, the origin 
of green, 16 s' and 16 s" are of constant recurrence. With the higher prism-power the 
first and third are each double, and some between s' and s", of which one (as here in 
air, C.P.) has been occasionally observed. No. 18, £ was at first observed as a bright 
cloudy band ; 2BS.C shows that the whole of that region is covered with close lines, of 
which one is more conspicuous than the rest. In CO many more are conspicuous. 
No. 21, t] is very brilliant (except in oxygen and CO, when its following companion is 
the brightest). With 2BS.C it is close double of two equal*. This is also the case 
with N<J. 24, 0, at the boundary between green and blue, which is, as a rule, the most 
intensely bright in all the C.P. spectra, in many of which its light is almost b linding . 
In R it is always faint though present. It is preceded by two narrow ones of unequal 
brightness, which seem to form with it a system. Another system seems to be found 
from 82 to *" 36, remarkable for its beauty and peculiar character ; x' is vivid blue, close 
double of equals, x", broad and cloudy, begins the violet. With 2BS.C * is composed of 
two further apart, and x" of six. It is less developed in nitrogen and H; \ 37*40 was 
at first observed as a band ; in CO the whole of its vicinity is covered with narrow 
violet lines. The pair 28, 29, and the triplet ft, (*', are also of very constant occur- 
rence. 

• It baa the deviation of b, and is double like it. No. 27 has that of F. 
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Table II. — Platinum. 
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In the air C.P. and H. were observed with Duboscq and are therefore comparable 
with the aluminium air spectra. So also were those of Hg, P, and S*C. In the mer- 
curial vapour the discharge was bright, greenish white, with very large cloudy strata ; 
the spark discharge without the jar gave exactly the same spectrum. It has more #s 
than oxygen or carb. oxide ; but the rest of it is very dark. In the phosphorus and 
bisulphuret the tubes were . so darkened by deposit as to make observation difficult ; 
the first was red, I suppose allotropic P, for nothing would remove it but strong nitric 
acid ; the other is partly black (I suppose sulphuret of Hg), partly grey arranged in 
stria* (perhaps carbon). The P spectrum is so like that of Hg vapour, that I think it 
exerted very little influence, and in the other the metallic vapour seems also to predo- 
minate. I also tried olive oil in the same apparatus to ascertain whether its vapour 
(which may be present in air-pump experiments) could produce any effect. The flash 
of the discharge was bright green, as in the CO and S a C tubes ; but this probably came 
from the decomposition of a film of oil on the electrodes : the spectrum was identical 
with Hg vapour, except that it was very faint. 


Table III. — Silver. 


Air. 

Nitrogen. 

Orjgea. 

Hydrogen. 

Carb. oxide. 


rmm 

C.P. 

R. 

C.P. 

R. 

C.P. 

R. 

# c.r. 

R. 

C.P. 



R. 

4 Tf. 

36 5# 



* 

• 

• • 

36-5 o. 




37 » 






double. 

38 8# 


• 

• • 


double. 

38-5 < 

t 









double. 















40 b. 

40-8# 

41 o. 

01 

# 


41 £ 

39*5 o. 







42-5 f. 



41-5 f. 



•• 








46 f. 



.. 

.. 

.. 


45-5 f. 








49 b. 

47-8 b. 


49 

f. 


48 * 




49-5 b. 



51-4 b. 



51-5 f. 




515 


.. 

51 f. 


mxm . 

51-5o. 


52 «w«-» 


56 # 

55-8# 


55 

1 


56 f. 

55 o. 




56-5 f. 


56 f. 


58 # 


59 f. 

• t 



59 f. 


• t 



58-5 f. 

575# 







• • 




. . . • 

• a 






0 f. 

43# 

4 e. 

3-8 e. 


3 

c. 

8-5 f. 

8 c. 

3 f. 

8 £ 





...... 

5 « 

4-8# 


4 

# 


Mf< 

# , 




5-5 b. 


4 f. 

jSlYf. 

6 f. 


6*5 # 

, 

, # 



. • . . 


6-5# 


7 

7 ^ 

f. 

7 # 

8*7 b. 

9 b. 

8-8 b. 




, , 

8 

8 f. 




three 




11 0. 




b. 


... 

. . 



11 b. 

95 

f. 


not taken. 

12 # 

11*3/ b. 


12 1 

b. 


12-5 o. 




three 









- 



close pair 

13 f. 



14*5 

► 



14 b. 

13-8 a ’ 

14 b. 

13 

b. 

13 o. 

.... 

• • 



f. 



18 £ 

17-8 b. 

{ 

155 

175 

0. 

■ 0. 

17 b. 

17 # 

18-5 f. 



three 


16 f. 

20-7b. 




19 


0. 


.... 

• • 




195 J 

f. 



22 b. 

22*8 o. 


23 

vno. 

21 f. 

22 




22-5 

91-5 1 o. 

21-5 f. 


24 

24-8# 

235# 

24 

i 



24-5 


24 # 

23 f. 

23-5 

24-5 f 

0. 







, f 


25 # 

26 





261# 


25 # 

80S nb. 

29 


29-5 f. 

32 


30 


• 

29 b. 

31-5 f. 



b. 

b. 


335# 

33-5# 

33 8 * 


34 5 # 

35 £ 

33-5 b. | 

32 ] b. f 
34 lb. 1 

•••••• 


92*4 \ 
34*5/ 

35 f. 

87 f. f 

85 o. 1 
37 o. j 

36-8 f. 


38 

b. 

39 b. 

37 b. 1 

38 J b. 



37-5 f. 

36 f. 

414 

41 


41 o. 


41 5 f. 

41 « 


39 » 




rmi 



44-8 \ b. 

425# 

43 

tm 

44-5 £ 

• ••• 

.. 

44 b. 


42 f. 

42-5 b. 


44 £ 

46 b. 

47 o. 

46-8 /b. 


46 


b. 


46 f. 











47*5 j 

b. 

i 

.... 

.. 



•#•••• 

48 o. 



EEiapi; 

49 » 

60S a 

51 

mm 

t 


51 

50 # 



. it . 




■ 

double. 















#•«• .. 



52 

i 

b. 


52-5 f. 

<1 . V. *' 

52-50. 

52 f. 

59*5* 


Bt £ 

mam 

54 b. 



54-5 J 

b. 

55 

55 « 

58-lb. 



64-50. 
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34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 


These C.P. spectra are of very great splendour ; the ground, especially the green part, 
is far brighter than the preceding, and the lines are dazzling. The It ones are on the 
whole faint. The first is a simple spark (without jar) : it differs little except in brightness. 
The second, headed J, was obtained with two large jars having 8-5 feet of external coat- 
ing ; it was far more luminous, and showed eight more lines than the normal one, besides 
four at the violet end, which were measured, but not 
tabulated, as they were not seen in the other spectra. 

I was struck with the outline of this spectrum, 
which gives an idea that the red and violet rays are 
less abundant near the electrodes. [See p. 973.] 


Table IV. — Copper. 




Air. 

Nitrogen. 

Oxygen. 

Hydrogen. 

Carb. oxide. 



C.P. 

B. 

C.P. 

B. 

C.P. 

H. 

C.P. 

B. 

tSM 

B. 

1 

1. 3§ 

37 1 nc. 


36-5* 








2. 

• 

38 2* 


38-5 b. 


383 b. 




38*3 » 


3. 


39 6 vb. 




413 f. 


LimU 

39-8 o.b. 



4. 




43-5 f. 










5. 

n 

47*8 # 


46 b. 


48*3 




47-8 f. 


6. 

/»' 


I- 



49-5 f. 

50-3 f. 

Gram 


rriTTJBii 

495* 

51-5e. 

7. 

y 

54*2 « 


83 * 

53-5 f. 

54-8 rf. 




55-5 o. 

54-6 f. 

8. 

39 

59 f. 
many here. 



575 c. 





56 * 


9. 

58-5 f. 

585 c. 

60-5 f. 





59 e. 

58-5 f. 

58-5 f. 

E3 

33 

15 1. 

9 f. 

1 . 



1-8 f. 



{ 

0-817. 
9-0 if. 

\ 9-5 f. 

IK 


4*1* 

•••••• 



33 o. 



3 b c. 

3-9 If. 

J 

12. 


8-4* 

6 b. 

6-5 b. 

5 b. 


0-8 


7 b. 

5-8 

ESIEH 

Id. 

« 


8*5 o. 


8-3 f. 


| ...... 

: 

* 

•bout 30 
n here. 




Table III. (continued). 


II 



Air 

• 


Nitrogen, 

Oxygen. 

Hydrogen. 

Carb. oxide. 

■ 

Spark C.P. 

J. C.P. 

C.P. 

B. 

C.P. 

B. 

C.P. 

R. 

C.P. 

B. 

■a 

R. 

o 

» 

55 3 b. 
double. 

• 


55-8* 

double. 


56 1# 


narrow 
one here. 



• 

55 5. 
double. 


»' 


58 

# 



57 J* 






57 vn. 


33*" 

58-5 b. 

. 


59 * 


59 • 


58 « 

0 b. 



0 * 

59 

34 

1*1 vf. 






1-5 

2 b. 

• . .... 





X 

4 9 yf. 

. 


33 b. 


3 b. 







3 f. 


9 8 b. 

8*' 

b. 


6 

5 * 

75 


6 


5 f. 

8 1 f. 

others V 

7 * 


10 8 ) f. 

9 

b. 

10-8. 


10-5 1 b. 


9*51 f. 




10*5 J f. 


s 

12 1 If. 

11 

b. 

11-8 b. 


12 jb. 


11-5 U 








14*4 J f. 

14 

f. 

14 b. 

14-5 f. 


145 

13 5 J f. 

13 b. 



13-5 b. 


9 

20 f. 

16 

19 

0. 

f. 

17*8 b. 
19-8 f. 


17 f. 

19 5 o. 

205 

16 c. 

19 b. 

19 b. | 

15-5* 


18*5 1 o. 
20*5 lo. 

17 f. 


some seen. 

22 

f. 


22 f. 



22 f. 




23 J o. 




25 

b. 

24-8 f. 


26 f. i 


25 f. 

25-5 b. j 






291 f. 

29 

f. 

27-8 b. 



28 f. 





27-5* 


l 


31 

f. 




30 b. 


29 5. 


• 




34 

36 vf. 

41* 

f. 

33 3 f. 

33-5 f. 

33 f. 

37 o. 

1 

35 vf. 

41 vf. 

35 f. 

39*5 



36 o. 
39*5 vf. 

43 5 vf. 





46 5 f. 



1 

| 






48*5 vf. 
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Table IV. (continued). 



In these the most remarkable thing is the comparative dullness of the red and yellow. 
In O, C.P., there seems no yellow, but the green ground is so intense that the lines there 
are scarcely visible. In O, R., the flash is green; in CO, C.P., is the same dullness of 
the red, but the faint ultra violet are visible in great numbers. In this also there are 
countless fine lines in the blue, and still more in the green. 


6 p 


MDCCCLXII, 
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Table V . — Nickel. 



Of these the spectra N were taken with Duboscq. 

The group 23-26, in air, C.P., is notable. In N, R., the remarkable set 7-12 were 
first recognized ; they are very faint, as broad as the slit, and spread over the orange 
and yellow. The groups 14-16 and 18—20 are peculiar. In O, C.P., there is scarcely 
any yellow, and the lines from seven to twenty-eight are very indistinct, from the 
brightness of the ground. 
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Table VI. — Palladium. 




Air. 

Nitrogen. 

Oxygen. 

Hydrogen. 

Garb, oxide. 



O.P. 

R. 

C.P. 

R. 

C.P. 

R. 

C.P. 

R. 

C.P. 

R. 

1. 

3 Sm 

39# 



38*4# 






38-8 of. 








double 















2. 

m' 

. . . . 

, . 


39*7 b. 


40*3 of. 


39-5 o# 


89*7 

# 


39*5 ovf. 














very intense | 



3. 


41-8 vn. 


41*6 f. 











.... 

. 

4. 

ft 

.... 



45*2 f. 










.... 


5. 

& 

48*5 b. 


47*5# 



48*3 f. 




49*5 

ib. 


48-5 ovf. 

6. 


.... 


50*3 vf. 

itit 


51*4 f. 



51-9 vf. 


51-8 f. 

51*5 

fb- 


.... 

.. 

7. 


. . . . 



54 # 


63-7 f. 









.... 


8. 

32 y 

56*3 « 



573 f. 

66 f. 

55*8 nb. 




57# 



56 f. 

9. 

33 

1 .... 


0*3 f. 

59*6 f. 

58 f. 




0*4 vf. 


58*8 f. 

On. 



1 f. 

10. 


3*3 nc. 


1*6 b. 

0 f. 


s 


3 nf. 

2*8 vf. 




.... 

. 












double 







11. 


4 *3 « 



3 # 



1 4*3 nb. 




4 

b. 



. 

12. 


.... 

. 


5*3 f. 


_ 



6*5 nf. 


0 J 

b. 


5 f. 

13. 


.... 



8*8 b. 

7*3 b. 

# #>t 


7*9 f. 


7 c. 

75 

1 

f. 

8 b. 

14. 


9*3 vb. 


10 

i b - 


9*8 

o. 


9-5 nc. 


10 


f. 

9 


15. 

i' 

108 1 

b. 


10*7 

If. 







not distinct 

f. 

.... 


16. 


12 3 ] 

b. 


11 4 

lb. 

11*7 f. 

11*3 

" c. 






f. 

12 vf. 

17. 




13*3 c. 

14 f 



13-8 

e. 

15*1 w 4 . 

15*6 vn. 

13*8 f. 

13 


,f. 


•• 

18. 

z 

17*3 wb. 

17 

16 7 b. 

17 f. 

17*3 



18*5 nb. 

17*8 vf. 

16 


f. 

16 wf. 














18 


f. 



19. 


.... 



21-4 1 






21*5 fw. 


19 


f. 

21 n. 














21 

J 

f. 



20. 

n 

24*8 * 


24-1 * 


24*7 b. 

24*8 o. 

25*4 b. 

25*5 nc. 

23 b. 

24 c. 


25* 


21. 


.... 


27*3 we. 

27*4 






28 ,nc. 

28 nc. 

26# 

double 


27 f. 

22. 





30-8 

b. 

30*4 I b. 

#1#4 


30*4 nc. 



31 f. 


«... 


23. 


31-7 nvb. 


31-4 

b. 

... lb. 


_ 








.... 

. 

24. 





32*8 

# 

32*8 J b. 

32*3 vnb. 








, 

25. 

4 

33*8 # 


33*3 f. 




34 3# 


33*5 nb. 

33 vf. 

34 vf. 


34-5 vf. 

26. 


36 8 f. 


36-4 


36-i 

373 nvb. 

38-4 nf. 


37*5 nc. 

37 c. many 



• 

27. 


.... 



38*8 


39*4 b. 

.... 

.. 




39-5 nf. 


40 vf. 

28. 


41*3 b. 

41 3 f. 

40-7 


41*4 f. 

41*8 

41-9 f. 

41-2 #w*. 

41 } b. 

42 » 


.... 

. 













43 lb. 






29. 


45-31 

b. 


44*71 

b. 

43*4 1 b. 





45 J b. 




44-5 > 

★ 

30. 


46*3/ 

b. 


46 j 

b. 

45*4 jb. 

46 3 f. 







... 










centre of 3 








* 

31. 


• • • • 


47*3 wo. 

48*7 f. 








47*5^ 



47 J 

* 

32. 





60 1 f. 





50-4e. 


50*2 nc. 

50 

nc. 


50*5 vf. 

33. 

4 

51*3 b. 


52 \b. 

51-3 

51*8 nc. 




52 

» 


.... 

• 

34. 




54*3 

54 b. 


.... 

.. 

54*4 c. 



54 

nb. 


54 vf. 

35. 

n 

56*3 # 



55-3* 


55*3 

55*8* 




55*5 

* 



. 

36. 

*' 

double 


56*3# 

563 

56*3# 



56 w. 

... 

... 




37. 





67*2 f. 


.... 

.. 


57 5 nf. 


58 

n. 



. 

38. 

33*” 

58*3 * 


583 

58*5# 


59*3* 




59*5 J 

* 



. 

39. 

34 

23 1 

n. 


1*7 ' 

b. 

2*3 b. 

2*8 vno. 

1-4 c. 



many here very 
















sharp 




40. 

X 

3-3 

n. 


3-6 

b. 












. 

41. 


43 

n. 

5-3 

4*9 . 

b. 


4*3 nb. 


4*5 nf. 





4 f. 

42. 



. 


7-2 


8*8 b. 


.. 

7*4 c. 


8 w. 




7w * 

4 

43. 

4* 

9*8 1 

b. 


10*1 1 

# 


10-3 

c. 




10 

> 


• • • • 


44. 


118 

>b. 

10-8 

11-4 

► * 


11 8 

r °* 


♦25 


11*5 j 

b. 


t • * • 


45. 

t*" 

13-3 

b. 

1 



13*4 

f. 

14*4 b. 

14*3 

1 c. 

14*4 c. 


14 w. 

14 

St 


13 vf. 

46. 


16*3 

O. 



16 i 








15*5 vf. 


.... 


47. 


17*3 

- c. 

17*3 




17*3 i 

nf. 







«... 


48. 


18*3 

0. 


18*6 f. 








18 

I* 


18 f. 

49. 

» 


. 


20*9 f. 


20 b. 

19*3 

e. 

19*4 

20-6 .vr* 

20 w. 

19 



19 f. 

50. 



. 


23-2 f. 



22*3 

vf. 




22 

1 b. 


• ... 

.. 

51. 


25-3 nf. 


25*8 f. 



25 3 f 





26*5 

vnf. 


.... 

, , 

52. 


29 3 «w. 


29-1* 


18*1 



27-4 c. 


28 

27*5 

1 * 


.... 









i 






28-5 

J o. 




53. 

c 


, 

81*3 

32*4 f. 


i 

30*3 b 





31 vf. 


.... 

. , 

54. 



. 

38*8 vf. 

36*7 f. 


34*4 bT 


. 

33-4 f. 



35 no* 


.... 

• • 

55. 

• 

3/ VI. 

39*3 f. 

• 

40 3 f. 

wav l. j 



36*5 f. 

38*5 o. 


. ... 

•• 

56. 


*“ 












... . 

,, 

57. 





43*6 c. 

...... 






42 f. 


• • • • 

# m 

58. 






46-9 f. 


45 b. 





43 f. 

45 f. 


46 vf. | 

39m 

60. 

34 




ou-o o. 
56*8 f. 

50*2 f. 
58*1 f. 





i 

48 f. 


.... 


61* 






■ 

3*4 1 





...... 







62. 






• 

6*5 









.... 

s • 


The deposit in the tube very dense. These spectra are notable for the indistinctness 
of the green lines, as compared with the remarkable sharpness of those in blue and 
violet. The number visible in the H pair also deserves notice. This metal seems to 
have great illuminating power. 
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Table VII. — Iron. 



These are beautiful spectra, the red brilliant, the violet part specially so, but the 
yellow often feeble. In air and CO, C.P., the green has a very great number of close 
narrow lines. In CO, E.., the bright lines axe very brilliant, the others unusually faint. 
"M (TYIi wiRTpe taken with Dubosco. 
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The spectrum O, R., has very little light, and much of it is a mere shadow. In H, 
C.P., the lines are visible only near the negative electrode, except the #. Above they 
are lost in a grey haze. Exhausting, the #s and haze vanish, and the other lines stand 
out conspicuous. In H, R., sometimes the tube was filled with conical strata and the 
lines were faint ; at other times it was filled with a uniform flash, and they were bright. 
In CO, C.P., the sets 17-24 seem to replace the multitude of close narrow lines that fill 
the green in this gas in most of its spectra ; they are as wide as the slit. The two of 
CO, the C.P. of air and H, and the R. of O were observed with Merz, the others 
with Duboscq. 

Table IX. — Lead. 


■ 


Air. 

Nitrogen. 

Oxygen. 

Hydrogen. 

C&rb. oxide. 

■ 


C.P. 

R. 

-C.P. 

R. 

C.P. 

R. 

C.P. 

R. 

I C.P. 

R. 


3$ 

36 5 b. 













n 

138-5 b. 

37 8 of. 

39 * 


38*3 ♦ 


39 *o. 


37*5* 





■ a 

48 

f. 

491 vf. 

48 vf. 


48*8 * 




47-5 b. 


9 9 a 



M 

.. 

.... 








49 5 b. 


49 fo. 

5. 



.... 

51 b. 


51 f. 


50*8 Tf. 

51*4 f. 

51 f. 

51-5 f. 


52 b. 

6. 

y 

55 

* 


55 * 

. .... 





54 1 f. 

0 s ^ 













54*5 / Tn. 



7. 


57 

c. 






57*8 Tf. 

57-7o. 


56 Tbn. 

56 > 

f. 

8. 

32 

.. 

.. .. 

58-5 fn. 


59 f. 



E2XEK 

59 5 n. 

59*5 vf. 

ESI 

f. 

9. 

33 

. . 

. .. 






i/f. 






► . . . 

10. 


.. 



2 no. 

2*5 nf. 


2*3 nf. 



2*5 bw 2 . 



11. 

3 

4 

» 

3 fn. 

3*5* 



# . s o 


3*3 f. 

3*5 n. 



3*5 j 

f. 

12. 


7 

* 

6-5 b. 


6*5 nb. 

6*8 nb. 


6*5 * 

6 b. 

5*5 > 

f. 

7 > 

* 

13. 

f 

8-5 b. 


9 vb. 

8*5 rf. 



8*7 * 


ten or 


##|| 













twelve 




14. 

«’ 

.. 

.. .. 

10-5 nb. 








here. 

• 




15. 


.. 

.... 


12/ b. 

12 b. 

12*8 nb. 


11*7 f. 

11 0. 

. 


11 nb. 

16. 

s 

16 

* 


1 7*5 bw 3 . 

16 f. 

16-8 b. 

14 8 w. 

16 * 


17*5 , 

f. 

16*5 bw». 

17. 


.. 

— 

UMm 1 




19-8 nf. 

19*7 f. 

1 9*5 n. 

20*5 

c. 

21 f. 

18. 


.. 

.... 




22*8 nb. 


22*7 f. 


22*5 

“ c. 

.... 

.. 

19. 

n 

24 

♦ 

24 * 

24 * 

241 * 

24*8 bn. 

23-8 b. 


24 * 

24*5 n» 

24 5* 






intense. 

\ 







intense. 

20. 



.... 



25 J f . 



25-4 f. 


25*5* 





21. 


.. 

.... 


27 5 f. 

28 f. 



28*1 f. 







22. 



.... 


30 5 vbn. 



29*8 nf. 

30-1 fn. 

29-5 f. 

30*5 b. 


30*5 f. 

23. 


31 

b. 






31*8 * 

32 f. 



.... 

.. 

24. 

S 

33 

* 


33 * 

32 5 rf. 


338 

33-8 nc. 


32*5 nb. 

34 vf. 

25. 


36 

f. 


36 5 fw. 


36 8 b. 


36*1 

35 f. 

35*6 1 

b. 

36*5 vf. 

27. 


.. 

.... 




37*5 f. 

38*8 Tn. 

37*8 nf. 



37-8 | 

b. 


.. 

28. 


41 

f. 

40 n. 







40*5 bw 4 . 

40 rf. 

29. 


.. 


43 b. 


43*5 * 


438 c. 

42 *w«. 

42*5 



43 « 











intense. 






30. 


45 

♦ 


45 \ nc. 











31. 


.. 

.... 


48 J nc. 




46 bn. 


46 f. 




32. 


48-5 







48*3 bn. 


48*5 vn. 



33. 


.. 

.... 


51 f. 





51*5 f. 

50*5 b. 


Ba#t 


34. 

s 

52 

b. 



52 

52*3 Tn. 

52*8 f. 



52*5 no. 

52*5 fw®. 

35. 


.. 

.... 


54 f. 

54 

54-3* 




54*5 * 


. ... 


36. 

*«' 

56 

* 


55*5 * 






56*5 f. 






double 1 


56 * 










37. 

33»" 

58 

♦ 


58 vb. 


58-8* 



59*5 f. 

58*5* 




38. 

34 

.. 

.... 


1*5 \ no. 








0 fw. 

39. 

X 

4 

w. 


4 l no. 




8*6 o. 






40. 


.. 

.... 

5 b. 

5*5 J nc. 


4-8 fh. 



5 b. 





41. 


.. 

.... 



6-5 \ b. 


6*8 c. 

6*5 f.n 


7-5 1 vnb. 

6*5* 


42. 



.... 



9 *5/n. 

8*8 n. 



,„ tL1 

9*5 j vnb. 

• • • « 

( 

43. 


.. 

.... 




10*8 f. 








44. 


115 bn. 


12 J* 


11*8 b. 




19*5 * 




45. 

Aft 

r" 

1 7* * 

.... 

i ^ # 

U l 

14 f. 

15-8 n. 

15*8 fw. 

16 * 

14*5 f. 

14 nf. 


14*5 \ 

no. 

%n, 

A7 


1 / 

* 

H i. 

16 f. 

16 n. 


15*5 nf. 


17 \ 

no. 

48. 

V 

20 

nb. 


19*5 f. 

mm 

19*3 b. 


llMdLM 

SSxHl 


21*5 « 


IP J 

no. 

12J 


.. 

.. .. 


22*5 f. 

22*5 f. 

21*8 n. 








51. 



.... 



96 vf. 

97 c. 

24*8 bw*. 


26*5 f. 


26*5 vf. 




52. 

E 

tu ! M 

bw. 


29 * 




29*5* 






53. 


• • 

.... 


32 o. 


32*8 nb. 


31*8 nf. 


33*5 vf. 




54. 

55 

• 

35 

fw. 


35 b. 

in 

84 o. 

36*8 nb. 


35*7 Tf. 


36*5 vf. 










4U Tf. 

39*3 Tn. 




42 vf. 




56. 



.... 


45 Tf. 






46*5 vf. 




57# 


50 

▼f. 


51 f. 


48*8 n. 






HHI 

■i 



r— 







II 

■1 

|J 
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Some of these are peculiar. In air, C.P., No. 12 is the brightest of all, £ is very 
brilliant, so is No. 46. The H, C.P., is also greatly developed. It was taken at the 
negative electrode only. Nos. 2, 29, and 48 reach quite across the spectrum ; the others 
more or less, but on an average about one-third of the way from each electrode, being 
brightest at the negative. The deposit in the tubes was very considerable, but it does 
not seem to have cut off much of the spectra. To examine the effect of the diameter of 
tube, I took (with Duboscq) the air It. in a compound tube, of which the wider parts 
were 0*4 inch bore, and the narrower 0*04 and 1*5 long. The distance between the elec- 
trodes was 5 inches. The discharge was pretty bright in the narrow parts, and red, 
except on the negative wire, where it was blue. They are as follows : — 




Narrow. 

Blue negative. 

Red positive. 

1. 

32 a 

38*i r. 



2. 


49*1 vf. 



3. 

32 

58 ] vf. 

58 vf. 

58 vf. 



many. 1 



4. 

33 

0*6 J vf. 



5. 


5-3 1 n. 

6 f. 


6. 


7*3/ n. 


7 vf. 

7. 

s 

9-4 vf. 



8. 


11 b. 

10*7 c. 

10*5 nb. 



others. 



9. 


14 Tf. 





some. > 



10. 

s 

16*4 J f. 



11. 


20 f. 

20*7 1 c. 


12. 


22*4 1 w. 

23*4 j. c. 

23 f. 

13. 


25*7 / w. 

25-7 J c. 


14. 


28*4 nf. 

29*4 f. 




one. 



15. 


31-4 nf. 

32*1 nc. 

30*8 vf. 

16. 


34*4 c. 

35*1 vf. 


17- 


37*5 c. 

37*8 f. 

37*8 nf. 

18. 


40*8 nb. 

40*8 nc. 


19. 


44-1 w. 

44*1 vf. 

44*1 f. 

20. 



46*7 vf. 


21. 


50 b. 

51*3 c. 

49*3 vf. 

22. 

33 

55*3 b. 

64*7 f. 

54*3 f. 

23. 

34 

0*4 b. 

0*1 f. 

0*4 f. 

24. 


7*5 b. 

6*9 f. 

6*9 f. 

25. 


13*4 nb. 

12*7 vf. 

13*4 vf. 

26 . 


18 ) c. 



27. 


[ 

18*6 f. 

18*6 w. 

28. 


19*3 J c. 



29. 


26-5 b. 

25*8 c. 

26*5 vf. 

30. 


33*1 c. 


33*4 vf. 

31* 


39*6 c. 



32. 


49*5 vf. 



33. 


57*8 vf. 





1 




The three evidently represent the same system of lines, for those missing in the 
second and third have been lost by their faintness. Nos. 12, 19 and 46, Table IX., are 
resolved by Duboscq into pairs. It also shows 17 which were not visible in the other. 
Nos. 5 and 11 of that again are not found in these: the first of these is almost peculiar 
to R. spectra ; and its not being visible in the narrow tube here seems to argue that 
condensed discharge cannot show it. 







BEV. T. B. BOBINSON ON SPECTBA OF ELECTBIC LIGHT 

Table X. — Zinc. 


! Air. 

Nitrogen. 

Oxygen. 

Hydrogen. 

Carb. 

oxide. 

C.P. 

R. 

C.P. 

R. 

C.P. 

R. 

C.P. 

R. 

O.P. 

R. 


37 

38 

40*5 vb. 
43 


i 24*8 # 


37*8 *w 2 


34*4 bn. 
37*4 i vb. 


35*4 \ nf. 


fino one 


* 20 o 


This is one of the most splendid spectra, especially at the violet end. N, R., is 
xemarfcable for its brightness and the number of its lines. CO, R., has the discharge 
lilac-coloured instead of green, as is generally the case in this gas. 
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Table XI. — Cadmium. 



I have given here the H transition spectrum. The lines are scarcely visible ; they 
are all found in the other two H. These spectra are exceedingly beautiful, but trouble- 
some in tubes of such small diameter from the dense and opake deposits. 

6 Q, 


MDCCCLXII 
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Table XII. — Bismuth. 



I have given N, C.P., at the negative boundary in part. It seemed identical with the 
central one till No. 20 ; so I did not take that part. In the green the lustre of the lines 
marked b. or vb. is fully that of 6, and they would be marked # if they were as wide as 
the slit. In the indigo and violet this spectrum has little, if any, superiority of bright- 
ness. In air, C.P., No. 20 is the brightest of the whole, and the companion of tj is deve- 
loped into first-rate brightness. In air, R., there is no red but the single line No. 7. 
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Table XIII.— Tin. 



I have given the transition spectrum for air. In it No. 7 is the beginning of light. 
No. 10 is the beginning of a band almost entirely dark, which occupies the place of i. 
Another dark interval at No. 19 seems to replace the bright group £, and a third at 
No. 22 stands for y\. No. 25, which, though very faint, is the brightest among them, is 
the residue of 6. The lines at the violet end are relatively less faded, but are all very 
obscure. 


6 Q 2 
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Table XIV. — Antimony. 



The deposit on the tubes very troublesome : this is especially the case with metals of 
this group. In air, exhausting to 0*86 inch, No. 8 is replaced by a narrow black band, 
but reappears on further exhaustion. 
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Table XV. — Magnesium. 


Nitrogen. 


B§ m 39 * 

mf 41 n. 


39 vfo. 




0'49 b. 


38*5* 
39-5 nf. 
42 yf. 


32 y 55 

33 

2 ne. 

14 * 

one follows. 


51 fo. 
54 fo. 
56 fo. 
0 
3 


45 vf. 
47*5 f. 


54 * 

1 nc. 

2*5* 

double. 


7 vb. 
one n. 


10 1 nb. 

11 Inf. 
•" 13 J nb. 
t 17 w*b. 


9 1 c. 

one. y 
10*5 I e. 


*24 « 

27 vf. 


12 bn. 

15 | f. 

20 J f. 

24 * * 1 

one in cont. 


16 w 4 . 

quadr. 


29*5 vf. 


31 nvb. 

4 33 # 

36 nb. 
39 f. 

41 w. 

44 A n. 

45 [n. 

46 J n. 


26 f. 

29 n. 

one. 

31 * 

doublevb. 


34*5 vf. 
38 f. 


36*5 

39*5 cw 6 . 
triple. 


43 * 

one close. 


, 51 e. 

54 vno. 

» 55*5 |* 

»' 56*5 J * 

33*" 59 b. 

compound. 
34 1 W 


48*5 f. 
50 nb. 


44 

b. 

46 

vn. 


50 vf. 


55 c. 
double. 


54*5 v. 
double. 


5-5 J n. 
8 no. 


57 bw a . 
quadr. 

i 


f* 

10 

b - 

* 

11-5 

r b - 


13 

Jb. 


16*5 

f 19 nb. 

22 vf. 

26*5 o. 
29-5 vb. 


75 

double. 


14 n. 


19*5 e. 
double. 


9 'j * 

11 jb.’ 


16 vn. 

17 fn. 


27 f. 


* 83 “ o! 
#36 f. 


44*5 f. 
47 vf. 


22 vf. 

25 nf. 
28 b. 

31 f. 
34 f. 


Oxygen. 

Hydrogen. 

C.P. 

B. 

C.P. 

R. 


Carb. oxide. 


37*5 vfo. 39*5 #vb. 38*5 vfo. 


f. 
f. 

46 f. 
49 vb. 
50*5 vf. 
53*5 vf. 
55 *5 * 


45*3 vfo. 
50 nf. 


2*5 vno. 
3*5# 


6*5 

9*5 vfn. 


52 f. 
1* “vf. 


4-5 f. 5 vf. 


10 ] b, 

one. 1- 

12 J b 

16*7 w 4 . 
triple. 


23 vn. 
24*5* 

28 f. 

31 nc. 

33 * 

37 1 c. 

39 f. 


12 vfn. 
15 vf. 

18*5 c. 

24*3 bw 3 . 


41 J c. 
double. 


29 5 f. 

31*5 f. 

33*5 o. 
35*5 o. 
39 c. 

41 nc. 


10 vf. 

13 c. 

17 vf. 


20 - vf. 1 

24 “c*. 25 “ Vb. 124*2 vn. 

27 vf. 26*5 f. 


31 vf. 31 f. 
34 nb 


38 vf. 39 f. 
41*7 *w 3 


32 7 b. 
35*2 vn. 
36*2 bn. 

40*2 bw 4 . 


44*5 | c. 

46 J c. 
48 nc. 

51 * 


45 bw. 
one. 


43 vn. 


47 fvn. 


46 vf. 45*5 
47*5 f. 48 


* }?: 


52 nc. 52 


53*5 nb. 
55 1 * 


54*5 cw. 
double. 


56 f* 

57 J vn. 

58 « 


2*5 1 vn. 
3*3 J vn. 
5 vn. 


w i. 

10*5 Vo. 
11*5 V c. 
13 J c. 
15*5 f. 

17 nb. 
19 b. 


56 b. 56 56*2 nf. 

double, double. 

59 f. 58*2 ) b. 


4 vf. 2 o. 
8 vb. 


many n. 
ones here. 


13 5 o. 


22 no. 

26 no. 
29 cw*. 


20 o. 
mult. 


14 vn 13*2 

I 15 nb. 15*2 vfn. 

I 16*2 ^ nb. 

*w* 18*7 I nb. 


27*5 e. 
I mult. 


21 21*2 J nb. 

, double. 

27 no 25-7* 

28 b 


43 f. 
49*5f. 



38*5 nf. 40 vf. 

42 f. 

45 f. 45 vf. 
47 c. 



33*2 ovn. 


42 vf. |41*7 vf 
48*2vf* 





51-2 nf. 
527 vfn. 
57-2 vnf. 


27 vnf. 


11-2 vn. 


>... 

42*2 vb. 

fvn. 

vb. 

50*7 vf. 
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The discharges with this metal were extremely brilliant, so much so in O, that at first 
I thought the wires were in combustion. The light at the negative electrode was a 
dazzling green. The deposit was almost as small as that of aluminium, and intercepted 
very little light. In air, C.P., the comparative dulness of the x group is peculiar ; » and § 
are scarcely perceptible. 


Table XVI. — Tellurium. 
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These spectra are in some respects peculiar, those of tellurium most so. In N, C.P., 
No. 36 is so like the distinctive band of hydrogen that at first I suspected the presence 
of that gas. The only difference I can find between them is that at the negative elec- 
trode it separates into two sharp and bright lines. Still one can scarcely see it, without 
thinking that there is some close connexion between Te and H. 

I have already noticed the extreme brilliancy of its It. spectrum. It is very difficult 
to work with from its rapid dissipation at the negative electrode, which is so great that 
a wire 0 - 01 in diameter disappears in a few minutes ; and the deposit is of extreme 
opacity. In H few lines were seen ; for I was obliged to take them at a distance from 
the electrode, as it became invisible in a few seconds. With arsenic, H, C.P., I was more 
successful ; the centre of the spectrum was a bright cloud, in which only the three bright 
bands and two or three others were visible. But at the negative boundary I got the 
largest number of lines, and the brightest that I ever met in H. The arsenic of course 
soon lined the tube (0*5 inch diameter) with a dark mirror, through which the flash 
seemed crimson ; but an ellipse opposite the plates which form the slit remained quite 
clear. I suppose the induction of the brass on the tube caused this. 

The potassium (air) is of great beauty ; the double orange * is of as great intensity as 
with sodium. No. 7 is an odd-looking olive band. In H, C.P., only the second orange 
# remains, but it is very bright ; the first one is entirely wanting, but reappears in H, R. 
On exhausting, the second retains its brightness when the rest have vanished. 


Table XIX. — Sodium. 



i 

Air. 

Nitrogen. j 



Air. 

Nitrogen. 

C.P. 

R. 

C.P. 

R. 


R. 

C.P. 

R. 

i.U 



36-5 vf. 

j 

26. 

3S 

51*5 nb. 

51*3 c. 

51*6 vf. 

51*3 o. 

2. 

1 



37- If. 







double. 

3. 


40 5* 




27. 





52 

4. 

41 5 n. 









double. 

5. 

49*5 * 


48*i c. 


28. 




54 f. 


6. 






53-4* 

29. 


56 5* 

55*9 c. 

56*6 f. 


7. 

55*5 n. 

56-3* 

55*3 vb. 


30. 

33 

57*5# 


57*2 b. 


8. 

32 57*5 * vb. 




31. 

34 

0*5 * 

M f. 

59*1 b. 


9. 

33 



2-6 bn. 


32. 




2*9 1 nc. 


10. 


3*5 n. 

3 vf. 

4 # 

3*3 o. 

33. 




4*6 Inf. 


11. 


5*5 # 



• 

34. 




5*2 J no. 


12. 


8 n. 




35. 



8*2 vf. 


7*8 o. 

13. 


10 n. 


10-7 1 c. 


36. 

M 

10*5 c. 


11*3 n. 


14. 


11-5 n. 

lire. 

12-4 J f. 

12-4 nb. 

37. 

r' 

12-5 nf. 


one hero. 


15. 


16*5 w. 


177 

15-7 f. 

38. 

t-" 

13*5 c. 

13*4 vf. 

13*1 nb. 

14*4 o. 

16. 

i 

21*71 vf. 







many here. 


17. 

* 

24-5 # 25-4 f f. 

25*4* 

261 o. 

39. 


17*5 f. 




18. 





28*1 vf. 


40. 


19*5 c. 

19*3 vf. 



19. 


30*5 bn. 

30-4 vf. 

31*8 nb. 

3i*if. 

41. 


28*5 bw. 

26*8 o. 


27*8 o. 

20. 

0 

33 5# 

[33*4 f. 

34 1 * 

35*5 f. 

42. 





30*1 bn. 

31 nf. 

21. 



38*1 nf. 

37*5 vf. 

38*4 c. 

43. 




33*1 f. 

34*7 nf. 

22. 




401 vf. 


44. 




37-3 f. 

- — - - ~ 

23. 


,41*5 w. 

41-i i if. 

41*4 f. 

41*7 o. 

45. 




39*6 nf. 


24. 

33 

45'5 1 nc. 

45*1 

45-4 1 c. 

45*4 b. 

46. 




45*6 f. 


25. 


j40*5 J nc. 




47. 




528 
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The flash of the discharge is white, with a dense yellow atmosphere, to which I think 
the sodium line No. 8 is due. The Air, It. spectrum is, with the exception of this line, 
very faint. 


Table XX. — Graphite. 


H 


Air. 

Nitrogen. 

Oxygen. 

Carb. oxide. 



Air. 

Nitrogen 

Oxygen. 

Carb. oxide. 

C.P. 

C.P. 

C.P. 

C.P. 

R. 

C.P. 

C.P. 

C.P. 

C.P. 

R. 

1. 

33 




33-9 o. 


34. 

35 

45 * 

45*2 

b. 

45*4 1 b. 




2. 



36-3 n. 



35*8 fo. 

35. 



462 

fb. 

46 7 / b. 

467 n. 

467 

a. 


39 * 

39*8 f. 

377 o. 

38*4* 

38-4 fo. 

36. 



49*1 f. 

49*3 f. 

. 


47*9 nc. 

4. 



41*8 


40-3 f. 


37. 



51*6 

1 °* 

52*6 n. 

51*8) 

* 

51*3 nc. 

5. 


44 


433 f. 

42*9 f. 

44*2 fo. 

38. 


53*5 f. 

54-2 

I c. 

54*3 n. 

53-6 

nc. 

52 b. 

6. 



45-8 yf. 

46-2 f. 

45*5 f. 


39. 


56 * 

55*9 * 

563* 

55*3 

L* 


7. 



48*1* 

48*5* 

48*1 f. 







double. 




8. 


50 



50*1 o. 

51*1 c. 

\WT\m 



57*2* 

58*2 fn. 

57 

c. 

57-9 

9. 



52-5 nf. 

52*7 n. 



41. 

33 

58*5* 

59*1 vb. 

59*8* 

59*1 y 

* 


10. 


58 * 

54 2* 

55*3* 

56 b. 

56 c. 

42. 

34 

i 

2 

nc. 


r 



11. 

32 

■ m 



58*3 nc. 

59*3 c. 

43. 


3-5 

3*8 

nc. 





12. 

33 

■ 


2*3 bvn. 

2*6 b. 

2*6 o. 



BB ■ 


y 





13. 


■ 

31 1 

4 * 

3*6 b. 




}x>und. | 







14. 




67 c. 

6 nf. 

6 n. 

44. 



57 J 

nc. 





65 

15. 






73* 

45. 

* 

9 i 


, . 


91 c. 


16. 



8-7 vb. 

9 vb. 

8*3 f. 

87 1 f. 

46. 

p'\ 

... L. 


11*8 vn. 



17. 


10 ) b. 

10-2 b. 

10-4 c. 

10-4 1 f. 

nn 

47. 

1 /*" 

13 J 

12-4 nb. 

13-4 vb. 

13*1 * 


18. 


u U. 



11-4 If. 

11*7 nc. 

48. 



seen. 


147 f. 

15 ) f. 

19. 


13 J b. 

12 b. 

12 c. 

127 1 f. 


49. 



167 f. 

16 vf. 

17 

b. 

17*3 if. 

20. 



14*6 vf. 

15 ] 

15 n. 

147 f. 

50. 



19*61. 


18 n. 

19 

b. 

18-6 Jf. 

21. 



16*41 vf. 

l 

... * 



51. 





19*9 vb. 

PMlB 

n. 


22. 


185 

181 / vf. 

18-4 

18 f. 


52. 



22 3 f. 


21*9 n. 

21-9 . 

b. 

23 2 f. 

23. 






21 f. 

53. 



24*3 f 






24. 



22*8vf. 

234 b. 

227 nc. 


54. 



27 f. 


258 

27-2* 



25. 

n 


24 6* 

25*1 b. 


24*1 

5o. 



sTrefn 


29-8 c. 




26. 


28 # 


MlrMM 

26-i 1 * 

25*4 1 * 

56. 



33*5 nc. 


35 c 



27. 




...... 

27-1 J 

27-i ; 

57. 


36*5 36*7 nc. 

35 b. 

36*3 n. 


28. 




29 i vf. 

30-8 c. 


58. 


=== ; — ~ 

38*9 vf. 

39 

38*3 n. 


29. 


31*5 



321 nb. 








doubtful. 




30. 


34 * 

33 3 * 

34*1* 

35*8 f. 


59. 



41*9 vf. 

42*3 n. 

42*3 nc. 


31. 



36 5 f. 

375 nb. 

36*31 nb. 

« 

60. 





44*6 n. 


32. 



39 vf. 

38-1 f. 

37-5 /n. 


61. 




■ 

45*6 n. 

45*6 fn. 



QO 


41*4 bw. 

38 8 f. 

41*4 b. 


62. 



47-5 vf. 

48-9b. 

47-5 



oo. 

«kf 

42 

41*4 bw. 


Ot>. 



51*4 vf. 


1 



The electrodes were two of Mordan’s “ leads,” and must have been nearly pure ; for 
fragments of them burnt before a gas blowpipe without leaving any sensible residue. 
The discharge was white except in CO, R. Air, C.P., was taken with Merz, and at an 
early period. 

The next spectra were taken in hopes of obtaining an easy mode of determining the 
lines due to gases. In the first, electrodes of mercury send the discharge through the 
vapour of that metal ; its lines therefore belong to Hg exclusively. Then filling the 
same apparatus with any gas, the new lines which appear must belong to it exclusively ; 
or if (as in the case of platinum, Table II.) the electrode be of a metal en which Hg 
does not act, its lines can be insulated ; this, however, assumes that the lines of elec- 
trodes and media are independent. 


6 R 
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I failed totally in getting the O spectra ; for at the very first discharge the mercury was 
so rapidly oxidated that not a glimmer could pass the thick deposit on the tube. This 
singular energy is probably due to the presence of ozone in the electrolytic oxygen 
(though it was passed through a tube filled with silver-leaf). I shall repeat the expe- 
riment, passing it through a red-hot tube. This fact may explain the absorption of 
oxygen in Geissler tubes, which was observed by PlDcker ; for Hg vapour must be 
present in them, as they are exhausted by a mercurial air pump. The deposit in CO 
was black below, grey above : the first was dissolved by nitric acid, the other not ; it 
was probably some form of carbon from the decomposition of the gas; of that, how- 
ever, there was a large residue present. The spectrum of Hg vapour has a few very 
brilliant lines, but the rest are narrow and faint on a very dark ground. I had 
expected by comparing it with Pt, Hg vapour, Table II.,*to obtain at once the lines of 
platinum, which I supposed would be superadded to those of Hg; but, to my great 
surprise, that spectrum has fewer lines (28, while the other has 48), and only three occur 
in it which the other wants. A similar deficiency occurs in the gas spectra of Table 
XXL: N, C.P., wants 22 mercurial lines; N, R.,25; H, C.P., 20; CO, C.P., 12; and 
CO, R., 30. These observations, it must be remarked, are strictly comparable ; they 
were all made with the Duboscq prism, nearly at the same time, and with the apparatus 
in precisely the same condition. 

From this may be inferred, either that mercury gives different lines from its vapour, 
or that the gaseous media have lines which interfere with those of the electrodes so as to 
destroy each other. 

I must reserve for a second communication the complete discussion of these and the 
other spectra, as it would, I fear, swell this one beyond all reasonable limits. 

[P.S. (See page 954.) A more probable explanation of this peculiar form of the 
spectrum was suggested to me by Mr. Stokes, which is as follows : — 

The aperture of the collimator was 1 inch, and its focal length 9*5 inches. The 
distance of the spark from the slit was probably less than 1*5 inch, say 1*25. Hence 
if we assume for simplicity that all the light emerging from the collimator entered the 
object-glass of the observing telescope, which was nearly true, each element of the slit 

1*25 1 

would be capable of being illuminated by rays from a length J=-g^-Xl=i^g inch of 

the spark, provided the spark reached so far, the centre of that line being in a pro- 
longation of the line joining the centre of the object-glass with the element in question. 
If the length of the sparlf were very great compared with l, the central parts and those 
near the electrodes would illuminate widely separated elements of the slit, and the varia- 
tions of brightness in a vertical direction would nearly correspond with the real varia- 
tions of brightness of the different parts of the spark — though of course there would be 
a “ ragged edge ” above and below, where the spectrum was formed by partial pencils. 
If, on the other hand, the length of the spark were infinitely small compared with l 9 

6 a 2 
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each illuminated element of the slit would receive rays from the whole spark, and the 
spectrum would be a band of uniform brightness in a vertical direction, and terminating 
abruptly above and below. In the actual experiment the length of the spark was -fa 
inch, a quantity comparable with l, being a little less. Hence the spectrum would 
consist of a central stripe of uniform brightness, corresponding to the small portion of 
the slit illuminated by the whole of the spark, accompanied above and below by a ragged 
edge in which the illumination fades away, as more and more of the spark is cut off, till 
nothing is left but the rays coming from its very extremity. The distance from the 
central stripe to which the illumination would be perceived to extend would depend on 
the intrinsic brightness of the part of the spectrum regarded ; and, bearing in mind the 
relative brightness of different parts as laid down by Fraunhofer for the solar spectrum, 
we should get for the visible boundary a curve similar to that represented in the figure. 
— March 1863.] 


Received September 1, 1862. 

On comparing these Tables, it is seen that the places of a very large proportion of 
these lines are identical, or at least differ only within the limits of observation, although 
they may be very unlike in brilliancy and magnitude. Such lines must be considered the 
same ; for the essence of a ray is its wave’s length, and the difference of intensity is but 
an accident depending on extrinsic causes. That this comparison may be more easily 
made, I have given in the following Table the mean places of those whose identity is 
probable : except in the spectra of iron, copper, and many of carbonic oxide, such are 
the great majority of what I have observed. For the conspicuous ones, which I have 
denoted by Greek letters, and which are recognized by peculiar characters, as also for 
some others which stand in definite relation to them, the means were taken without 
strict reference to probable errors; for the rest those limits were taken which I have 
already mentioned. It is possible that in several of the latter class one or two of the 
outliers may not belong to them ; but the general agreement of each is so close as to 
preclude doubt. I include in the Table none beyond Fraunhofer’s H, though several 
were observed, and also omit the very faint rec^ lines which were visible in some spectra 
outside the bright part*. It gives for each the mean place, the extreme deviations from 
that mean, the number of C.P. spectra in which it is found, in how many of these it is 
a #, and the same data for the R. spectra. 

* Especially in manganese, A, C.P. This splendid spectrum, which ha4 74 lines, is not given, as it was 
not taken in R. or other gases. 



REV. T. R. ROBINSON ON SPECTRA OF ELECTRIC LIGHT. 


No. Place. 


Diff. C.P. * R. 


Table XXII. 


0 4 

5 5 

55 19 


All the R.s in N. 

G metals show it in all the gases, A has all in N and O. 
Often seen, but overpowered by «. 


0 4 


19 10 

2 21 
2 43 

2 20 
0 5 

46 38 
7 20 


4 39 

2 26 
0 13 

5 20 

44 35 

2 34 
2 41 


5 16 2 

2 12 1 

2 23 2 

0 30 2 

0 14 0 


3 29 

6 25 


1 23 


O predominates, 5 of N and 9 O wanting in A. 

In this and the three preceding A has no R. 

Rose-red. In C.P., A has all the metals’ except 0. 

10 of N and O wanting in A. 

Notable predominance of R. ; has few common to C.P. 

Very faint ; Jho companion of y, always socn with S 2 C prisms. 

Orange; in 1G cases it was resolved in the glass prism. 

No A in N, or N in A. 

G of A not in N or O ; 7 of them not in it. 

Similar discordance. 

Mostly N ; 8 of it wanting in A. 

Companion of S, generally vn but vb ; always I believe present. 

ruro yellow, with 5 metals in all the gases ; in A and N with all the metals. 

Most frequent in CO. 

Many fino lines shown in this region by the S 2 C prisms. 

Bright green, well characterized. 

Separated from i by a dark interval. 

More frequent in A than N ; often too faint to bo surely bisected.^ 

In CO many very fine lines here. 

The green ground bright, especially in CO. 


Those three are chief in a group which was at first observed as a bright band, 
and named f. The whole ground seems covered with lines, of which 33 
is chief. 


0 23 


Most common in CO. 
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Table XXII. (continued). 


No. Place. 


Diff. C.P. * MR. * 


i 


8 29 6 

63 25 


One of the brightest and most oommon. With five metals it occurs in every gas. 


72 50 


69 i 18 48 3 

11 ! 3 19 10 

0 



77 

58 

46 

42 

a 

1 

81 

57 


2 0 
26 0 
34 1 

8 0 
8 0 
36 7 

29 2 

18 0 
8 0 


vb, but n ; all the metals in A, all but two in N. 

This and the preceding are evidently connected with 4 . 
Generally brightest of all, bluish green perfectly characterized. 
First of blue, overpowered by glare of 4 . 

Sb is wanting in this and the next. 


C.P., Al, Pd, Fo have it in all the gases. It is the II blue band. 

Well marked ; specially bright in B. 

# 

First of a well-marked pair, universal in A and N, C.P. ; frequent in B. with all 
The two extremes very faint ; Cd absent in C.P. 

Seems connected with the next. 

fWith S 2 C prisms multiple; perhaps the components are sometimes un- 
\ equally developed. 

Generally like a hair, vb, a faint one follows. 

These are often very intenso in C.P. ; they arc brilliant blue. 


vn ; I think always present ; tho * is with Na. 
Beginning of violet. 


These were at first seen as one band before tho apparatus was complete. In 
the C.P. spectra of CO, the ground is covered with fine lines. 


57 

14 

! 

64 

10 

43 


64 i 13 I 35 I 1 


A well-marked group in CJ?., distinct in almost all the metals and the 
► gases except H. Its parts are all found in B. but in different spectra. 
The * in p!' B. belongs to To. 

With O.P., Ni, Co ; and K., Cu, in all the gases. 


Some of these, especially in H, probably belong to No. 72. 

In H it is developed into the violet band, whose cloudiness and width ex- 
plain the range of the measure. 
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Table XXII. (continued). 


No. 

Place. 

Diff. 

O.P. 

♦ 

R.‘ 

♦ 


73. 

3l 24-99 


-M9 1 
4*1*51 I 


■83 

1 

23 

0 

None in H, O.P. ; four in H, R. 

74. 

34 2556 




55 

9 

22 

0 

Frequent in N and 0. 

75. 

34 27*45 


fill 


38 

13 

37 

2 

Only one metal wanting in N, B. 

76 1 





63 

20 

18 

0 

N, O.P. with all. 

77. 

34 83*43 




51 

1 

38 

1 

The two *s aro Al, 0 ; Te, N. 

78#. 

34 35*83 




53 

1 

19 

0 

All with Pb, C.P. ; the * is Ca, H. 

79. 



r — 1*53 1 
[41*27 1 


43 

0 

19 

0 

None in H, C.P. These far-violet are ill defined and hard to bisect. 

80. 

34 41*85 


— 1*85 1 
1+1*85 j 


42 

0 

28 

0 

Few in H and A. 

81. 

fffJ3 


— 1-85 1 
1+1*85 j 


51 

0 

12 

0 

With Co, C.P., in all the gaseB. 

82. 

34 47*73 


-1*22 1 
1+1*77 j 
— 2 15 
+ 1*45 


142 

0 

13 

0 

Most frequent in CO. 

83. 

34 51*35 



30 

0 

14 

0 

0 has only Zn in C.P. and Mg in R. 

84. 

34 55*81 


r i2*3i ^ 

1+1*89 


15 

0 

6 

0 

None in 0, C.P. 

85. 

34 59 34 


-2*24 1 
+1*66 j 


10 

0 

8 




Among the most notable of these are, — 

No. 3 a. It is one of the three brilliant bands in H, C.P., and is more intense in that 
gas than in any other. Its mean from 22 of H, C.P., is 32° 38'*52, almost identical with 
the general mean. It is also extremely intense in other gases, e. g. A, with silver and 
iron ; at other times dull or even faint. In H it is generally separated by a dark space 
from the rest of the spectrum, as if the other red rays were condensed into it. It seems 
to have a fine line preceding it, which in many cases is separated enough to be bisected. 
In R. it is of much less importance ; its place is that of Fraunhofer’s C. 

No. 12 is remarkable for its much greater display in R. than in C.P. ; the same occurs, 
though in a less degree, in Nos. 18, 24, and 64. 

No. 15 y. This beautiful band is nearly, but not exactly, in the place of D, and like 
it is double, though my glass prisms often fail to divide it fairly. With the two prisms of 
S a C the components are generally equal, but I think further apart than those of D with 
the same prisms. In K, A, they are seen separate as intense #s; in CO the second is 
often the brightest. In O it is often dull and sometimes wanting (and the same' may 
be said of the orange and yellow lines generally). 

No. 16 coincides with the yellow band of sodium. In the A spectrum of this metal, 
No. 15 y is only nb ; in N it is a #, but No. 16 is far more brilliant ; it retains its bright- 
ness during exhaustion and with the spark discharge. It is exactly in the place of D. 

Nos. 18 and 19 are intense orange #s in mercury vapour with electrodes of mercury. 

No. 22 S is another beautiful band of common occurrence. In C.P. five metals have 
it in all the gases ; A and N have it with all the metals, though of very unequal bright* 
ness ; O with 11, H with 12, and CO with 19. It seems to be connected with No. 21 , 
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the ordinary character of which is bn. When examined with the S 8 C prisms it is triple, 
the first being very narrow but bright, with a slight tinge of orange, the second and 
third pure yellow, the second broader than the third, and both sharply defined. 

Nos. 26 to 29 form a very conspicuous group. The first, < (which 'begins the green), is 
marked by the very obscure interval which separates it from the others ; it as well as 
t" are double, and the S a C prisms show many fine lines in their neighbourhood. With 
iron, copper, and in many of the CO spectra, the number of these is very great ; it may 
be that the bright green from this to No. 44 is composed of such lines too close to be 
resolved ; but I think it is continuous. 

No. 36 is nearly in the place of E. 

No. 38 t i is very conspicuous on this bright ground ; it is often intensely brilliant, 
sometimes more so than and it occurs more frequently. No. 37 seems to belong to it ; 
with the S 9 C prisms, and sometimes with the glass one, it is double of two equal. Its 
brightness is scarcely developed in O, C P., very much in N, but quite as much in O, It., 
as in N, It. CO, It. exceeds them both, though it has only 2 #s in C.P. With platinum, 
CO, C.P., it is replaced by a bright bluish-green band of singular appearance ; this by 
careful focusing shows eleven or twelve fine lines, of which No. 37 is the first and No. 42 
the last. In this spectrum the group e, s" is also replaced by some twenty-five very fine 
lines from No. 23 to No. 36. The place of ri is identical with the centre of the double 
line of b. 

No. 44 0, with its companions 42 and 43, is very common, though the latter, 43 
especially, are hard to see in the blinding glare of the first, which is often most intense. 
They are always seen with S 2 C prisms, which also show 6 double (as Duboscq does occa- 
sionally). The components are generally, but not always, equal*. Though frequent in 
R. it is seldom bright. In C.P., N brings it out best ; it is wanting in 8 of O, 8 of H, 
5 of CO; and of its 50 * O has but 4, H 1, and CO 3; one belongs to mercury in 
mercury vapour. It ends the green. 

No. 49 is remarkable, not only from its being in the place of F, but also from its 
being (or being in) the characteristic blue band of II, C.P. In the other gases and 
vapours it is scafcely ever a #, and often faint ; here it is of great brightness and great 
breadth, often 6' or 7'. It has a cloudy but irresolvable look, and its edges are not 
sharply defined. Even with 2 S*C prisms I cannot resolve it; and it gives me the 
impression that it consists of light whose wave-length varies continuously. Its mean by 
22 H, C.P., is 33° 41'*18, corresponding to a wave length 1798. It is singular that the 
N, C.P., spectrum of tellurium has a band possessing this peculiar type so decidedly that 
one who saw it without knowing its origin would undoubtingly assert the presence of H ; 
and my first idea was that this gas must be a component of the metal. If, however, 

• In this, as in similar instances, I suspect that an unequal development of the components may disturb 
the measures. I may at the same time notice another cause of disturbance, the flicker of the light. It 
might be supposed that the collimator must give an object absolutely fixed, but this is not the case. The 
discharge being narrower than the slit and at some distance from it, and the want of perfect achromatism 
in the object-glass, are capable of producing considerable 
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the eye be directed to the negative boundary of the spectrum, two brilliant points are 
seen there not found in the ordinary H band. At the same time they may be due to 
the grosser metallic vapour which abounds there ; for Te volatilizes under the discharge 
more than any other metal which I have tried. Iron in N, if the pressure be diminished 
a few inches, shows a similar band, though the other characters of the C.P. spectrum 
and discharge are unchanged. Zinc in CO, C.P., has one of the same sort 3' broad. 

Nos. 61 and 52 are a well-marked pair ; but a much more remarkable group is that 
from No. 54 i to No. 59 x". Of these, 55 and 58 are very narrow, and, though bright, 
are often overpowered by the splendour of their neighbours ; the first has a still fainter 
follower seen in the S 2 C prisms, which also show each of the brilliant ones to be com- 
pound, i and x double, x" (which begins the violet) to consist of six fine bright lines. In 
thirty-two cases * and x' were observed as one, or as close double. When taken sepa- 
rately, their distance was found O'* 9 6 ; and hence the place of * should be increased, and 
that of x' diminished by 0'T4. H is unfavourable to this 'group, which is most splendid 
in O and CO, except in Cu, CO, C.P., when it is but a shadow of itself. 

The ground is covered with very fine lines from No. 61 to No. 68 in the CO, C.P., 
spectra of Cu, Pd, Fe, Bi, Sb, and Mg. 

No. 72 v, besides being important in the spectra of other gases, is apparently developed 
in II, C.P., to the broad violet band, the third of the three brilliant ones of that gas; 
22 of H, C.P., give its placc % 34° 19'*82. It is not nearly so luminous as No. 49 is in H, 
but is quite as broad and even more undefined. Unlike other violet bands, this is the 
first to disappear on rarefying the gas. I have occasionally seen fine lines in it, which, 
however, do not seem to belong to it. 

No. 73 is in the place of G, and No. 85 very nearly in that of II. 

If the individual spectra be compared with this Table, the result will, I think, throw 
tome light on the questions which I mentioned at the beginning of this paper. 

1. As to the essential connexion of each line of a spectrum with the chemical nature 
of some one metal, or some one gaseous medium, I think these observations arc against 
it For instance, if any line, say No. 22 &, be found with electrodes of aluminium in all 
the gases which we have examined, our first inference might be that it is an aluminium 
line. But when we find the same thing is true of nickel, palladium, antimony, and 
magnesium, and that all the other metals have it in some of their spectra, we must con- 
clude that it does not belong exclusively to any metal ; nor can it be considered a gas 
line. In N it is indeed found with all the twenty-two electrodes ; but it also occurs nine 
times in O, fourteen in H, as well as in the vapours of mercury, phosphorus, and bisulphuret 
of carbon. There are many similar cases ; and though in general the lines of this Table 
are not seen with all the metals, yet it will be found that, with respect to gases (omitting 
No. 1, which on account of its bright neighbours is seldom seen), out of the whole eighty- 
five only Nos. 5, 6, 9, 73, 79, and 86 are wanting* in H, C.P. ; only No. 6 in CO, and 
that of these all but No. 5 arc found in the R. spectra, and none are wanting in A, N, 

* That ia, are not visible with my means of observing. 

JfDCCCLXII. 6 S 
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and O. As to metals, the lowest number, 12, occurs in No. 85 ; but the average is far 
above this. 

These facts may be explained in two ways. We may suppose that the action of thto 
electric discharge on the molecules which transmit it has in itself intermittences which 
tend to produce maxima of light recurring at intervals, and which are effective in doing 
so when the forces inherent in these molecules are in accordance with them. If that 
accord be perfect, the development of light will be intense ; but if imperfect or wanting, 
the corresponding light will be feeble or will vanish. Or it may be supposed that our 
metals and gases are compounds of unknown elements which are separated by the dis- 
charge, and exhibit their appropriate lines. This hypothesis is tempting, for if true it 
would at once lead to analysis of many of our supposed simple substances ; and the facts 
which have been stated respecting the band No. 49 give some countenance to it. I how- 
ever think the first view of the matter more probable, for reasons which I shall soon 
state. According to it, the existence of a luminous line merely indicates the presence 
of matter in the circuit ; but its intensity depends on the nature of that matter, which 
may either make it extremely bright or obscure it, even to invisibility. It is generally 
supposed that the presence of a metal gives brilliant lines, and that those due to a gas. 
or vapour are less bright ; but as the two are always simultaneously present it is not 
easy to separate their influences. A promising plan of effecting this has been proposed' 
by PlUcker. Two balls connected by a capillary tube were filled with any gas and then 
exhausted ; the balls were coated with tinfoil, and when they were connected with the 
terminals of an induction machine reciprocating discharges took place, which, though 
very faint in the globes, were bright enough when condensed in the capillary part to 
give a spectrum. Here nothing but glass is in contact with the rarefied gas, and there- 
fore he expected to obtain only gas lines. I repeated this experiment, adding a glass 
stopcock to one of the balls, that I might use the same glass with different gases. The 
spectra observed were the R. of N, O, and H; the first had 13, the second 23, and the 
last 13, besides several in each too faint to be taken. Of these were — 


Common to three. 

In N and 0. 

In 0 and H. 

InO. 

In N. 

InH. 

Nos. 18 

Nos. 27 

Nos. 49 

Nos. 16 

Nos. 14 

Nos. 5 

39 

68 

75 

24 

76 

13 

46 



33 

84 

82 

57 



36 



61 



41 



65 



42 



78 



44 






48 






52 






54 






72 





BET. T. B. ROBINSON ON SPECTBA OP ELBCTBIC LIGHT. 


981 


No. 5 is not in any other H spectrum ; No. 82 only in Te, A and As, H ; No. 16 only 
in PbO. None of these gas lines is peculiar to that one gas ; thus No. 16 is found in N 
with nine metals and in H with five ; this method therefore fails to give the true gas lines. 
Most of those that are common to two gases will be found in the spectra of sodium, 
potassium, calcium, and lead, all of which are ingredients of glass ; it is hence evident 
that even reciprocating discharges disintegrate the surface of glass. 

A plan of mine seemed more promising. With an apparatus which I have already 
described, I took the spectrum in mercury vapour with mercury electrodes ; then filling 
the tube with a gas, I took the new spectrum. I tried N, O, H, and CO. O failed from 
its extraordinary action on the mercury, which in a few seconds blackened the tube, so 
that not a ray from the flash was visible. I expected that the gas lines would be thus 
easily obtained, but was disappointed. • 

Hg Hg has 48 lines 

Ilg, N, C.P., has 36 lines N, C.P., has 10 not in HgHg 

Hg, N, R., has 23 lines Of these N, R, has 4 

Hg, H, C.P., has 33 lines H, C.P., has 7 

Hg, CO, C.P., has 41 lines CO, C.P., has 10 

Hg, CO, R., has 18 lines CO, R. has 8 

Of these last Nos. 2, 46, 59, and 78 are found in N only (that is with Hg electrodes, 
for with other metals they occur in all the gases). Nos. 13 and 32 belong to CO, the 
rest are common to the three gases. It deserves notice that many of the lines of Hg Hg 
are wanting in the gases, the lowest number being 13 in CO, C.P., the highest (29) in 
CO, R. This may partly arise from mercury and its vapour having different sets of lines, 
the latter of which are displaced by those of the gas, fewer in number Were this the 
sole cause, the same lines would be missing in each gas spectrum ; and the differ- 
ence of the numbers shows that the presence of a gas actually prevents the develop- 
ment of some mercurial lines. Corresponding facts occur in other spectra, those of H 
especially. 

The effect of a metal is most perceptible near the negative boundary of a spectrum, 
where some lines are brilliant for a short distance and then continue with much less 
brightness. The contrast is so great that, without measurement, one could scarcely 
believe the line to be the same. That its existence in the faint state is due to that 
metal whieh causes its partial splendour, is disproved by its occurring with other metals. 
In illustration I refer to the spectrum of bismuth (N) at the negative edge as compared 
to that of the centre (Table XII.), where it is seen that though lines (especially in the 
green) which are scarcely visible in the latter are intensely bright in the former, and 
faint single lines are seen as two, yet no decidedly new one appears. This is most 
remarkable with the volatile metals. Thus As, H, C.P., shows at the negative edge forty- 
four lines, of which ten are *s and eleven more are “ bright” These retain their lustre 
for 10' or 11', and then (except the three hydrogen bands) can scarcely be traced across. 

6 s 2 
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None of these, however, are peculiar, except that Nos. 11, 17, and 64* appear as 
double. 

That the presence of a new body in the circuit developes oftener than originates lines* 
is further shown by moistening the electrodes with a solution of some salt ; for instance, 
chloride of barium f. In trying it, platinum electrodes (carefully washed with nitric 
acid and distilled water) were lapped with clean cotton thread to retain the fluid, which, 
however, soon evaporates by the heat of the discharge. The change of the spectrum is 
almost startling from the instantaneous and intense development of many lines, and the 
increased lustre of some which before had been noted as *s. The most conspicuous 


arc — o i 

«. Very bright 32 38T 

a'. * very intense 40*0 

|3'. * dazzling 1 49*1 

y. Very bright 64*7 

No. 16. Orange intense . . . 66*3 

No. 17. Very bright .... 67*7 

No. 34. * very intense .... 33 18'4 

Nothing striking till 6, then 

No. 47. * brighter than 0 . . . 37*4 

No. 48. Almost * 39*4 

X. * of exceeding intensity . . 34 2*3 

X'. Very bright 4*6 

No. 80. Extremely bright . . . 40*6 


All these are found in the platinum air spectrum, though in most cases with a totally 
different aspect ; so that the barium makes no change in the place of the lines, but only 
in their brightness. 

2. That the peculiar character of a line is modified by other circumstances than the 
chemical nature of the bodies engaged in producing it, appears .from the difference 
between the spectrum at common-pressure, the transition spectrum, and that in rarefied 
gases, to which I have already referred. The chemical conditions are unchanged ; but 
at first sight nothing is more dissimilar than the three; the first with its numerous 
bright *s ; the second a shadow rather than a spectrum, with a bare suspicion of a few 
linos; and the R. one much brighter, but with a seeming discrepancy of lines that marks 
it as peculiar. The R. has, on an average, 0*53 of the C.P. lines; it extends as far in 
the violet, but is cut off in the red part. There, especially in N, are often found a set 
of equal bands reaching from No. 11 to No. 19 inclusive; there is also another set, that 

• This line is always double with S*C prisms. 

t It is desirable to ascertain whether this process gives a spectrum always identical with that given by 
electrodes of the metal contained in the salt. The difference of aggregation and the presence of water may 
modify it considerably. 
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looks like a row of luminous pillars, from No. 53 to No. 77. In general the R. spectra 
are much fainter than the C.P. ; the brilliant No. 3 a, 15 y, 22 &, 44 6, and the » group 
are inconspicuous, though often present. On the other hand, some are occasionally 
brilliant; thus 38 v\ occurs as * twenty-five times; 23 and 24 have more »s in R. than 
C.P. ; and the R. spectrum, Te, N, is positively splendid with thirteen *s. But I think 
there is no instance of a linef occurring in any R. which is not found in some C.P., or 
vice vend. These differences may be attributed to three causes. First, the discharge 
which at C.P. passes in a flash of, probably, evanescent section, must be very much brighter 
than when diffused in a tube of 0*2 inch diameter, which it fills completely. This would 
account for the lines being fainter, but not for the difference of character. In a com- 
pound tube of two pieces, 0*5 inch diameter connected by one 0*05 inch, with lead elec- 
trodes, A., R., the spectrum in the narrow part had more lines than in either of the wider, 
as being brighter; but it contained all theirs, and was quite distinct from the C.P. 
Secondly, it may be thought that the air is less heated, because of the less resistance and 
the greater heat-capacity of rarefied gas. Were this the principal cause, the R. ought 
never to contain more lines than the corresponding C.P., much less have any as a * 
which is faint in the other ; the transition-spectrum, too, should be more luminous than 
the R. Thirdly, the mere increased distance of the gas molecules may modify the light- 
vibrations. This is mere guess ; but so is much more ot our speculation on this myste- 
rious subject, and it may at least point out the road for future research. Experiments 
at pressures greater than the atmospheric, produced by mechanical force or heat, and 
with electrodes in various states of aggregation, would probably throw light on the sub- 
ject. One thing must be remembered : in these R. discharges the light, when viewed 
in a revolving mirror, has a certain permanence ; but in the C.P. it is, so to say, instan- 
taneous. 

3. It is generally believed that each of the bodies present in the track of a discharge 
has its own independent spectrum, coexisting with those of the others and in nowise 
interfering with them. This is not universally true, as will be seen by comparing the 
spectra of air, both C.P. and R., with those of its components N and O. Without going 
through the entire series, but taking the first twenty-five numbers of the Table, and the 
last, I find that out of 


363 lines found in A., C.P., there are neither in N nor O . 

71 

166 


A., K) *9 

62 

404 

** 

N, C.P., there are wanting in A . . 

186 

226 


N, R.) 99 

124 

314 

5) 

O, C.P., there are wanting in N and A. 

133 

133 


O 9 R.j 99 99 

52 


Many of those wanting in A are found both in N and 0. From these numbers it is 

t Of course I mean the lines of this Table, without including in the statement those of special character 
and peculiar origin. 
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evident both that the spectrum of air is not formed by the mere superposition of those 
of N and O, and that certain electrodes can excite lines in a mixture of two gases which 
are not visible in either of those gases taken separately, or cannot excite them in the 
mixture, though they can in cither or both of the components. This unexpected fact is 
illustrated by an attempt which I made to obtain the lines of platinum, by comparing 
its spectrum in mercury vapour with that of mercury. I expected, as I had done in the 
cases already mentioned of gases with Hg electrodes, that 1 should get the spectrum of 
Pt-f-that of Hg ; but the result was otherwise. Hg Hg had forty-eight lines, Pt Hg only 
twenty-five, so that the presence of Pt instead of Hg as electrodes put out twenty-three. 
It however brought out four new ones, of which No. 15 y is found with every solid metal, 
No8._33, 59 and 76 £ with most of them. There is here no superposition, but, instead, 
either an antagonism of platinum and mercury, or the curious fact that the fluid elec- 
trodes act differently from the solid. It would be interesting to compare the spectra of 
tin in these two states. 

The case is the same with a chemical compound as with a mixture. On the prin- 
ciple of superposition, the spectrum of CO should be merely the sum of those of C and 
O. To avoid all uncertainty about metallic lines, I used electrodes of graphite in the 
two gases. In each case nothing but C and O were present, and I expected to get the 
same spectrum in both. They were, however, very unlike. Of the lines which they 
had in common, 

No. 3 a is nc. in . . O, but is a * in .... CO 

No. 10 /3' is a * in . O, but only c. in .... CO 

No. 15 y is a * in . O, but only b. in .... CO 

No. 22 & is intense * in O, but only b. in .... CO 

No. 26 e is wvb. in . O, but one of many very fine in CO 
No. 39 is faint in . O, but a * as bright as jj in . CO 

The * group is not nearly so bright in O as in CO. 

Besides these differences, O has ten wanting in CO, among which are No. 38 s, very 
bright, and No. 44 0, in all its brilliancy ; while CO has eight wanting in O, of which 
No. 75 is a *; the difference being greater than I have sometimes found with much 
less chemical agreement. 

The only conclusion which such facts permit is, that the spectrum is a simple resultant 
of all the actions present, some of which may combine to produce an exalted effect, 
while others may be antagonistic in any degree. 

4. As to the manner in which electricity produces the rays of these lines, whether by 
merely heating the medium, or by some luminiferous action analogous to its heating, 
nothing is really established. Heat is known to produce some brilliant lines when metallic 
vapours are introduced into flames ; and it is possible that a temperature far abovfe that 
of our hottest flame might bring out all those which I have enumerated, and the multi- 
tude of others which I did not attempt to measure. But is the temperature of the elec- 
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trie discharge so immensely superior to all others 1 and are there no means of estimating 
its real amount 1 Two of the facts which I have noted respecting these discharges ms j> 
at least direct attention to this subject. In general the spectra of the simple spark of 
an induction machine are muck fainter than when a jar, however small, is connected 
with it ; and those with a small jar than those with a large. Thus, with silver elec* 
trodes in air, the spark gave twenty-three lines, of which i and 6 were “ very bright a 
jar of 0*5 foot coating gave also twenty-three, but differently placed, more at the red, 
fewer at the violet, but seven of them *s; the normal one of 1*26 foot gave thirty-one, 
with nine *s ; and two large of 8*5 feet gave thirty-six, with ten *s and. many other* 
“ very bright.” In these cases, were one to judge from first appearances, the spark heats 
air much more than the jar-discharge, for it has much greater power to bum anything 
which it encounters; but its section is larger, because much of it is conducted by the 
air which surrounds it ; and besides, from the diminished resistance, the amount of heat 
produced may be less, as_well as less concentrated. We cannot say it must be ; we know 
too little of the nature of induction discharge to estimate the effect of changing resist- 
ance, for if it be increased it is possible that part of the electricity may be discharged 
through the coil itself. It must also be kept in mind, that while the jar-discharge is 
almost instantaneous, the other, at least in part, has a sensible duration. It could, how- 
ever, be easily decided by experiment whether more heat is evolved in the C.P. or R. 
discharge. 

Secondly. My induction machine, as I have already stated, can be used collaterally ; 
in this case the quantity is double, and should have a fourfold heating power. In fact, 
its discharge (or rather the air which that discharge heats) fuses a piece of* platinum 
wire, which the consecutive arrangement only reddens. Now, if the lines were produced 
by mere heat, the spectrum of the former discharge should be far the brightest ; it is 
not so in the red and green ; in the violet there is a difference, but I think an unprac- 
tised observer would scarcely notice it. I however saw the lines beyond H more easily 
and further. Unless the temperature is sufficiently raised by a weaker discharge than 
either of these to bring out all the lines (which seems inconsistent with the effects 
obtained by enlarging the jar), we might expect here, from the heat theory, a greater 
change. It is, I think, worth pushing the trial further, and I intend to repeat the 
experiment with an induction machine of much greater quantity, and at the same time 
to ascertain if intensity also have any influence. 

These observations, on the whole, incline me to refer the origin of the lines to some 
yet undiscovered relation between matter in general and the transfer of electric action. 
According to the special properties of the molecules which are present, the brightness 
of these lines will be modified through a range from great intensity down to a faintness 
which may elude our most powerful means of observation. If several sorts of molecules 
be simultaneously present, there may be expected interferences which will produce alter- 
nations of brilliancy or obscurity to any extent ; and if any of these be chemically united, 
analogy leads us to expect that such compound molecules will act with an influence of 
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their own different from that of their elements. In even a simple mixture like air, I 
have shown that its spectrum, with a given metal, cannot certainly be deduced from 
those of its parts, and it is probable that this rule may be widely extended: 

The bearing of this on electro-spectral analysis is obvious ; for if the presence of one 
substance can be shown in any instance to disguise or transform the spectrum of another, 
or if the state of density, solution, alloyage, &c. have influence, it becomes necessary to 
eliminate such effects before we yield implicit confidence to this powerful guide. This 
implies a wide range of experiment and of cautious study ; in fact, a complete system of 
spectral research through the whole range of our chemical elements and their compounds , 
conducted with strict inductive logic, and with the highest appliances of chemistry and 
optics. Whatever shall be so effected will be “ an everlasting gift ” to science, because, 
taking nothing for granted, it will be a real fact. 
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XXXVIII. Experimental Researches on the Transmission of Electric Signals through 
Submarine Cables. — Part I. Laws of Transmission through various lengths of one 
Cable. By Fleeming Jenkin, Esq. Communicated by C. Wheatstone, Esq., F.M.S. 

Deceived May 20, — Bead June 19, 1862. 

In a paper by Professor W. Thomson “ On the Theory of the Electric Telegraph,” com- 
municated to the Royal Society in 1855*, the peculiar circumstances affecting submarine 
wires were especially analysed, and it is probable that all the laws regulating the trans- 
mission of signals could, by further development, be deduced from the mathematical 
theory there stated, if the necessary constants were known. 

It is hoped that some account of an experimental research into the same subject may 
be found interesting, especially as the experiments not only confirmed the conclusions 
arrived at by Professor W. Thomson, but led also to the discovery of several facts of 
considerable practical importance. 

With the view of elucidating the present subject, many experiments have been made 
on the charge and discharge observable at the near end of a cable ; but although this 
charge is intimately connected with the retardation of signals, the connexion is compli- 
cated, and many false deductions have been drawn from the facts observed. 

The author preferred to make his experiments on the signal or current actually 
received at the far end of the wire, the object being to establish a direct relation between 
the causes operating at one end and the effects observed at the other. Some experi- 
ments of this kind have also been made, but the instruments used have been such as 
could only indicate some one point of the complete phenomenon, such as the presence 
or absence of a given current, and the conclusions so arrived at vary with the nature of 
the instrument employed. 

The author used an instrument by which he was able to follow the phenomena 
throughout, observing the nature and magnitude of every change produced in the received 
current. An attempt was first made to obtain by experiment, from various lengths of cable, 
and with various battery power, the curve given by Professor Thomson in the above- 
named paper, and called by him “ the curve representing the gradual rise of the current 
in the remote instrument when the end operated on is kept permanently in connexion 
with the battery.” This curve will in the present paper be called the arrival-curve. 

The effect of continually repeated signals of various kinds was next studied, with 
various lengths of cable and various arrangements of battery, in order to determine in 
each case the practicable speedf of signalling. 

* Vide Proceedings of the Boyal Society, May 1866, and Philosophical Magazine, S. 4. vol. xi. p. 146. 

t In this paper, where the words “ speed of signalling” or “rate of transmission” are used, the author 
MDCCCLXII. 6 T 
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Certain modifications of the usual signals were by these means discovered which 
materially increased the rate of legible transmission. 

These experiments were all made on one cable, and do not therefore refer to the 
effects produced by a change of dimensions or materials ; they will now be described in 
detail, and the connexion of the results with the mathematical theory will then be 
mentioned. 

The Red Sea cable only was used in all the experiments ; the external diameter of 
the insulated wire was 0 ‘34 inch* the.gutta percha weighed 212 lbs. per knot; the 
conductor was a copper strand of seven wires, and weighed 180 lbs. per knot. The 
extreme diameter of the strand was about (M05 inch, and the ratio of the external to 
the internal diameter of the gutta percha sheath may be taken as 3*4. The resistance 
of the conductor per knot was 25 X 10 7 British absolute units. 

The first experiment was made on July 26th, 1859, with 2168 knots disposed in ten 
coils, each about 26 feet in diameter, and held in a dry iron tank ; the cable A C X, the 
battery B, a Morse key M, a galvanometer G, and the two earth-plates E E were con- 
nected as in fig. 1, Plate XLIX. 

The effect at the end X produced by connecting the cable at A alternately with the 
battery and the earth-plate by means of the key was observed on the galvanometer G, 
being Professor Thomson’s marine galvanometer. 

The suspended magnet m of this galvanometer carried a little mirror n reflecting the 
image of a flame B on to a scale A about 26 inches off, as shown in fig. 2. The zero 
of the scale was in the middle, and each division was equal to ^yth of an inch. The 
coil C is shown in section, and the little lens L in its position in front of the mirrojr. 
The deviations of the spot of light from the centre measured on the scale were sensibly 
proportional to the strength of the current causing the deflection, when the deviations 
did not exceed 200 divisions. 

The little magnet was powerfully directed by a fixed external steel magnet N S. The 
weight of the moveable magnet and mirror was about Ingrain; the inertia of the 
moving parts was consequently so small, and the directing force so great, that the varia- 
tions of a rapidly changing current were accurately represented by the movements of 
the spot of .light along the scale. When the Morse key (fig. 1) was pressed down, the 
spot of light remained apparently motionless for a short but sensible time, then shot 
along the scale, moving rapidly at first, but gradually losing speed, until at last it 
moved very slowly to a maximum deviation, at which it remained quite still: these 
movements truly showed the gradual change of the received current from nothing to a 
maximum, a change requiring fifty seconds for its completion. During the latter part 
of this time the movement of the spot was slow enough to allow the moment at which 
it passed any given division of the scale to be pretty accurately fixed. Two observers 


refers to the speed with which certain changes in, the received current called signals can be made to follow 
each other, and not to the velocity of propagation of the electric current. 
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were wanted, one noting by the seconds hand of a watch the interval between the sound 
of the contact made by the Morse key, and the sound of a little blow struck by the 
other at the moment when the spot passed the given division. 

Only one observation could in general be made each time the current entered the 
cable. The results of the observations are given in Table I. 

The maximum current from a battery of 72 Daniell’s cells caused a deviation of 130 
divisions. The strength of this permanent current depends simply on the electromotive 
force of the battery and the resistance of the various parts of the circuit, being quite 
independent of the inductive phenomena. 

The first column shows the number of seconds during which the current had been 
flowing into the cable when the spot had reached the division of the scale entered 
immediately beneath in the second column. The third column shows the percentage 
of the maximum deviation, or strength of current, to which the figures in the second 
column correspond. Thus, when the Morse key had been pressed down for eight 
seconds, the spot of light was just passing the 100th division of the scale, showing that 
the current had attained 77 per cent, of its maximum strength. One part of the arrival- 
curve might be constructed by using the entries in the first and third columns as 
coordinates. 

The whole curve could not be obtained because the movement of the spot of light 
during the first four seconds was too rapid to allow of observation. 

Table II. contains a similar set of observations made with 36 Daniell’s cells instead 
of 72. By comparing the third lines of the two Tables, it is seen that the same percent- 
age of the maximum strength is reached in the same time with both batteries, or, in 
other words, that the electromotive force of the battery has no appreciable effect on the 
velocity with which the current is transmitted. 

All the variations of the received current are therefore in the Tables reduced to 
percentages, or to the variations which would have been observed if the permanent 
current due to the battery used had produced a maximum deviation of 100 divisions in 
each case. This condition could have been practically fulfilled, but was thought 
unnecessary, as no change of the battery would have altered the percentage of variation 
observed in the received current. 

Table III. shows some observations for the arrival-curve with 1500 knots of cable in 
circuit. 

Table VII. contains the result of a similar investigation for 1006 knots. The first 
and second columns of this Table contain similar entries to those in Table I. ; the third 
column shows the division passed by the spot when the current was falling, after the 
Morse key had been released for the number of seconds entered above in the first 
column. 

Thus, after the end A of the charged cable had been put in connexion with the earth- 
plate E (fig. 1) for 14£ seconds, the spot was just falling past the 16th division of the 
scale. As the maximum deviation had been 277 divisions, the spot had, during these 

6 t 2 
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14£ seconds, traversed 262 divisions of the scale, or the received current had diminished 
94*6 per cent, in that time. The fourth and fifth columns give these two numbers. It 
will be seen from these columns that, measuring from the starting-point, the spot of 
light traversed the same distance on the scale in the same time when the current was 
falling as when it was rising. From this we conclude that the rate of decrease in the 
current received at X after the contact had been made for a given time with earth at A, 
was the same as the rate of increase observed after making contact with the battery at A 
for an equal time. 

Table XII. contains a very perfect set of similar observations with 2192 knots in 
circuit. The arrival-curves for 1006 knots and 2192 knots constructed from Tables VII. 
and XII. are shown in fig. 7, Plate L. 

The same connexions (fig. 1) were used to test the effect of practical signals, the 
Morse key being moved up and down in time with a metronome. The signals sent 
were the dot and dash, or dot and line, singly and combined. These signals are the 
simplest of all, but the conclusions drawn from them are applicable to all other signals 
depending on the time during which a given strength of current flows. 

The headings of the several columns explain the contents of Table IV., which shows 
the observations made when various signals were sent at various speeds through 1500 
knots of cable. Tables VI., XIII., and XIV. contain similar observations made with 
other lengths of cable in circuit. *It should be observed that the effects recorded are 
those which occur when the same cycle of operations has been constantly repeated for 
some time, and are quite distinct, as will presently be shown, from the*effects produced 
when signals of the same kind are for the first time sent through the cable. 

The first set of observations recorded in Table IV. may be explained as follows. The 
metronome was set so as to beat 130 times in the minute. The Morse key alternately 
connected the cable at A with a battery of 72 DanieU’s cells, and with the earth-plate 
for 0 462 second. The signals sent are called dots, because the sixty-five short con- 
tacts with the battery, each followed by an equal contact with the earth, would, through 
a short cable or air line, have transmitted sixty-five distinct currents, each capable 
of printing on the common Morse receiving instrument sixty-five equally spaced dots. 
While the contacts were regularly repeated, the spot of light moved steadily back and 
forward from the 85th to the 80th division of the scale. By reducing these deviations 
to a percentage of the maximum deviation (200 divisions), we ojbtain the numbers 42*5 
and 40. The variation of the strength of the received current was therefore per cent. 
All these numbers are entered in the several columns of the Table. 

The figures annexed to the Tables show by curves the changes of the received current. 
The absciss® of the curves correspond to intervals of time, and are taken from the fourth 
column. The ordinates correspond to the strength of the received current at each 
moment, reduced to a percentage, and are taken from the eighth column. The ordi- 
nates, instead of being measured from a true base-line, are measured from a horizontal 
dotted line, of which the ordinate is 50.“ 
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The dots first entered (Table IV.) appear as an even wavy line; the lowest point of 
each wave is 10 parts, and the highest point 7£ parts below the dotted line, corre- 
sponding to the true ordinates from the base, viz. 40 and 42£. The top and bottom 
only of the waves are fixed by the observations. 

The second kind of signals are called dashes, because if sent through a short cable or 
air line, they would print a succession # of dashes or lines, separated by short spaces 
equal to those separating dots sent at the same speed. To do this the contact with 
earth is made the same as for a dot, but the contact with the battery is made twice as 
long. Examples of the dash will be found in Tables VI. and XIII. 

The effect of combining these two primary signals was tried by sending alternate dots 
and dashes ; the results are entered in the Tables. The effect of one complete cycle of 
operations is shown in the figures annexed to the Tables by that part of the curve drawn 
with a thicker black line. Thus in the second dot and dash curve of Table IV. the dot 
curve begins with the ordinate 53 # 2 ; the first battery-contact slightly increases the 
current, till the ordinate of the top of the dot curve becomes 65*5. The first earth- 
contact diminishes the current, so that the ordinate at the end of the dot or beginning 
of the dash curve is 48*0 ; the next battery-contact, bejjig a long contact, raises the dash 
curve to 61*7. The second earth-contact lowers it to 63*2, when the cycle recommences. 

The numbers in the two last columns of the Tables IV., VI., XIII., and XIV., with 
the figures annexed, are all directly comparable, for they all represent the results reduced 
to a percentage, and are consequently constant for each length, being independent of 
any change in the bey^tery. 

These observations do not give the retardations properly so called, i. e. they do not show 
the time separating the contact made at A from the effect produced at X, but they establish 
several conclusions of greater importance than the knowledge of this retardation. 

It will be seen (Table VI.) that when 66 dots per minute were sent into 1802 knots 
of cable at A, a constant current was received at X, in which no oscillation could be 
seen corresponding to the signals sent*. 

The same phenomenon was observed with 2192 knots in circuit, when more than 
50 dots per minute were sent The effect produced at X by these rapidly repeated dots 
was almost exactly that which would have been observed if the cable at A had been 
permanently connected with a battery of about 30 cells. In moving the Morse key up 
and down, a little time elapses between the contact with earth and that with the battery, 
during which the cable is really insulated at A. This lost time caused the received 
current to be equal to only 41*6 in one case and 42*9 in the other instead of 50 per 
cent, of the maximum permanent current, as would certainly have been the case if the 
sums of the battery and earth contacts had respectively occupied e^ctly the half of each 
minute. 

* The immobility of the spot cpuld not be accounted for by the inertia of the mirror and magnet, whioh, 
when in vibration, moved so rapidly that the oscillations could not be counted. Similar observations m ade 
with a galvanometer, the needle of whioh oscillated slowly, would lead to most erroneous results. 
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It is certain that in the two cases named the received current did not vary 1 per 
cent . ; here therefore we find one positive limit to the rate of transmission. No doubt 
oscillations of considerably less than 1 per cent might be observed and recorded by 
employing a more sensitive instrument and stronger batteries ; but we clearly see that 
the useful effect produced rapidly decreases as the number of signals per minute increases, 
and therefore that, however sensitive the instrument and powerful the battery, signals 
sent at more than a certain rate will fail to cause any appreciable useful effect at the 
receiving end ; and we may safely conclude that in all submarine cables there is a limit 
to the number of signals which can be sent per minute , a limit which cannot be exceeded 
by any ingenious contrivance . 

Fifty-six dots per minute were distinctly visible when sent through 1802 knots, and 40 
dots when sent through 2192 knots. The mean strength of the currents showing these 
dots is less than half the maximum permanent current, because of the time lost in 
moving the Morse key, as already explained. The curves showing these dots appear 
therefore below the dotted line representing the middle of the scale. 

As the speed of sending decreased, the amplitude of oscillation of the spot or varia- 
tion of the current increased, but the mean strength of the current remained nearly 
constant. 

When dashes were sent (i. e. when the length of the battery-contact was made twice 
as long as the earth-contact), the mean strength of the received current was much higher, 
being above the middle of the scale. 

The effect of dashes could thus, and thus only, be distinguished from that of dots sent 
at a lower speed. For instance, dashes sent through 1802 knots (Table VI.) when the 
metronome beat 84 caused a 6 per cent, oscillation, and dots sent when the metronome 
beat 60 caused very nearly the same oscillation ; but the strength of the current due to 
the dashes varied from 53£ to 59£, whereas that due to the dots varied from 43 to 49. 
In the corresponding curves the dashes appear above the dotted line and the dots below. 
This effect will be easily understood when it is remembered that while dots are sent, the 
end A of the cable is altogether in contact with the earth for nearly half of each minute, 
but when dashes are sent, it is in contact with the earth for only about one-third of each 
minute. 

When the dot and dash are sent alternately, the effects, differing considerably from 
those produced when each is sent continuously, can be best studied in the curves annexed 
to the Tables. 

The top of the dot, curve is higher, and the bottom does not go so low as when dots 
only are sent, whereas the top and bottom of the dash curve are both lower than when 
dashes only are sent ; but the bottom of the dash curve does not go so low as the bottom 
of the dot curve. This was seen in every instance, but was most apparent at the 
higher speeds. 

The strength of the received current due to the long battery-contact during the dash 
is naturally greater than that caused by the shorter contact during the dot; and as the 
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connexion with earth after the two signals is only of equal duration, it is clear that the 
received current will not fall so low after the dash as after the dot, and this is precisely 
the effect shown in the curves. The beginning and end of the dot are at different 
heights, and similarly the beginning and end of the dash are at different heights, m aking 
altogether a very irregular curve, especially at the higher speeds. 

This irregularity very seriously interfered with the distinctness of the received signals, 
although the change of current could be followed throughout by watching the spot. 
At a high speed the dot appeared as a mere pause followed by a fall, instead of a little 
rise followed by an equal fall ; and if the dots and dashes had been irregularly combined, 
it would have been impossible to disentangle them, as received, by the eye. If a 
receiving instrument had been used like the common Morse receiver, simply marking 
the time during which the received current was above or below a given strength, the 
signals would have failed to give any intelligible record even at a very low speed : this is 
shown by the fact that it is impossible to draw a horizontal line intersecting both the 
curve of repeated dashes and that of repeated dots, even for the very lowest speeds 
recorded in each Table. 

Thus, long before the limit is reached at which signals cease to produce any change 
at the receiving end, the interference of one signal with another causes so great a con- 
fusion in the currents received as to put a fresh limit to the practicable speed of trans- 
mission. 

This confusion is still further increased by the effect of a pause in the signals between 
letters, words, or sentences. 

During all intervals the cable is left in connexion with the earth at A ; and if the 
pause lasts a little while, the current at X falls to nothing, or nearly nothing, when the 
effect of the first signals sent is to cause an unintelligible succession of sudden incre- 
ments in the received current, until, after a certain number of contacts, a permanent 
mean strength of current is attained, at which regular signals might become intelligible. 
The higher the speed the greater the number of contacts required for this purpose ; 
for instance when 1802 knots were in circuit, the following Table gives the number 
of dots required to bring the spot to the mean position in which it was maintained by 
regular signals. 


Beats of metronome. 

Dots required to raise current 
to 42 per cent, of maximum. 

92 ... . 

6 

84 ... . 

6 

72 ... . 

4 * 

60 ... . 

3 

60 ... . 

• 

40 ... . 

2 


The curve in fig. 3, Plate XLIX. roughly represents the variations of the received 
current when the operator begins to send the dots regujarly through a cable which has 
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been fully discharged. Similar but converse effects would be observed if the line were 
left long in contact with the battery before the signals began. 

This irregularity has hitherto put the practical limit to the rate of transmission 
through long submarine cables. When this rate is exceeded, a dot sent may at one 
time cause a great rise in the received current, at another time it will barely arrest a 
fall, and thus similar signals at one end are found to produce utterly dissimilar effects 
at the other. No change in the battery has the smallest effect on this interference, nor 
can any delicacy in the receiving instrument disentangle the confusion, which, it should 
be observed, is totally distinct from the retardation of the signals. 

It would matter little that signals should appear in America even a minute or so after 
they had been made in England, provided the same signal at the sending end always 
produced tlie same effect at the receiving end. The experiments show how far this is 
from being the case. 

The usual mode of avoiding this confusion is to signal at so slow a rate that every dot 
causes a very large percentage of variation in the received current, while the dash causes 
nearly the maximum current which would be received from a permanent contact with 
the battery. 

In air lines, or in short submarine cables, or in long submarine cables with large con- 
ducting wires thickly covered, this plan does not entail too slow a speed for practical 
work ; but to avoid confusion in this manner when working through 2200 knots of the 
Red Sea cable, it would be necessary to reduce the speed to less than 10 dots per 
minute, whereas 40 dots or more could be received but for the interference. 

Hence we conclude that there is a wide margin between the limit set to the speed of 
transmission by the gradual diminution of the received signals and that set by their inter- 
ference. 

If interference could be prevented by any change in the signals, it was clear that the 
capabilities of any given cable would be increased at least fourfold. 

Reverse currents have been much advocated, on good authority, as a means of greatly 
increasing the rate of signalling, and their effect was therefore examined, although it 
was not thought probable that the interference would be diminished by their use. By 
“ reverse currents” the use of alternate positive and negative currents is meant. The 
negative current substituted for the earth-contact is supposed by its advocates in some 
way to clear the line and prepare the way for a positive signal. 

The connexions used during the experiments on “reverse currents” are shown in 
fig. 4, Plate XLIX. The first contact sent a positive, and the second contact a negative 
current through the line. 

The effects of single and reverse currents were directly compared on 1165 knots of 
cable. Tables VIII. and IX. show observations of the arrival-curve and signals when 
a positive current from 72 cells and an earth-contact were used. Tables X. and XI. 
show a similar set of observations when a positive current from 42 cells and a negative 
current from 80 cells were used. By keeping the same total number of cells in each 
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case, the difference of potentials between the two sources of electricity alternately 
in connexion with the line was maintained nearly equal. Tables VIII. and IX. are 
similar to those already described. • 

The observations in Table X. were made in almost the same manner as those in 
Tables VIII. and IX, but the following description may make the meaning* of the 
entries more distinct. 

The Morse key when untouched left the negative battery connected with the line, and 
the spot of light then stood at 113 divisions to the left of zero ; when the key was 
permanently pressed down, the spot stood at 157 divisions to the right of zero. All 
deviations to the right are entered as positive, those to the left as negative. Four 
seconds after the key was pressed down, the spot passed the 100th division to the right ; 
four seconds after the key was released, it passed to the 60th division on the left. In 
the first case it had traversed 213 divisions in four seconds, in the second case 217 divi- 
sions, or 78*8 and 803 per cent, respectively of the sum of the two deflections 157 
and 113. 

On examining the last columns of Table X. we find that in any given time after 
mpving the key, the spot traversed an equal length of the scale whether the change was 
from positive to negative or from negative to positive, or, in other words, the rate of 
decrease in the current received at X after contact had been made with the negative 
battery at A. for a given time, was the same as the rate of increase observed after making 
contact at A with the positive battery for an equal time , — a conclusion exactly analogous 
to that arrived at when single currents were used. 

Moreover, comparing the last columns of Tables VIII. and X., we find that the spot 
traversed the same distance in the same time in each case, and therefore that the rate 
of increase and rate of decrease, caused by reverse currents, is exactly the same as that 
observed when single currents are used. 

The arrival-curves from the two Tables are shown in figs. 5 & 6, Plate XLIX. 

The curves are identical in shape, and differ only in their position relatively to the 
zero-line. 

Thus the ratio between the ordinates of the arrival-curve is the same whatever the 
two sources of electricity at A, or the potential of the earth at X may be. 

Hence we conclude, 

1st. That the absolute change in the strength of the received current during a given 
time after a change in the contact at A, is not influenced by the potential maintained 
at X, but is simply proportional to the difference of potentials or electromotive force 
between the two sources of electricity alternately connected with the cable at A, 

2nd. That the rate of change is independent of the potentials both at A and X 
It was now clear that the alternation of negative and positive currents could have no 
effect on the rate of signalling, but to avoid all cavil a few experiments were made with 
the usual signals. 

The results are given in Tables IX and XI. The signals sent by the reverse currents 
mdccclxii. 6 u 
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were a little above the zero-line, those sent by the single currents were, as usual, near the 
middle of the range. This was the only difference observed ; the amplitudes and relative 
position of the dot and dash were identical. The use of reverse currents, therefore, 
does not alter the limit set by the gradml dimimtion of the received signals , nor that set 
by their 'interference. 

It is just possible that some small effect may be produced by a difference in the insu- 
lation when reversals are used, but there is no reason to suppose that this difference 
would be in their favour. 

Abandoning reverse currents, the author was led to seek some other remedy for the 
confusion observed. One phase of this confusion might be described by saying that 
the mean strength of the current rose above 50 when dashes were sent, and fell below 
it when dots were sent, so that the dots and dashes appeared on different parts of the 
scale. The high position of the dash was due, as has been shown, to the comparatively 
short contact at A with earth after the long battery-contact. By making the second or 
earth-contact longer, the dash would be brought down in the scale. If the earth- 
contact were made equal to the battery-contact, the dash would simply become a dot 
sent at a slower rate. The mean strength of the current during the slow or long dots 
would be the same as that during the quick or short dot. The bottom of the long dot 
curve would be lower than the bottom of the short dot curve, and therefore, when the 
long and short dot were combined, there would still be considerable confusion. More- 
over, if a Morse receiver or analogous instrument were used, the spaces separating the 
long dots would be twice as long as those separating the short dots, and this unequal 
spacing would cause fresh confusion. 

These effects, consequent on making the second contacts always equal to the first, 
were Well seen when the signals called A 8 were sent *. The tendency observed in the 
original dot and dash was over-corrected. The dash now fell too low, and the dot not 
low enough, so that the confusion was nearly as bad as before ; but the required cor- 
rection was clearly enough pointed out. If, instead of keeping the mem strength of 
the current constant, the current at the end of each signal could be kept the same, the 
passage from one signed to another would cause no confusion, for the beginning or end 
of a dot would be exactly like the beginning or end of a dash. It was plain that the 
current at the end of a dash could be brought to any required point (and therefore to 
the point at which dots finished) by simply altering the proportion of the second to 
the first contact. Experiment had shown that the second contact was too short when 
made only half the length of the first, and too long when made equal to the first ; no 
doubt some intermediate length would fulfil the required condition that the dashes 
should begin and end at the same division of the scale as the dots. The experiment 
required to prove this could clearly not be tried by aid of the metronome, and the appa- 
ratus shown in fig. 8 was therefore arranged so as to make contaots of any required 
proportion. 

• So called because the dot and dash, followed by a short pause, represent the letter Ain the Morse alphabet. 
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A strip of paper (figs. 8 & 9, Plate L.) was prepared with two parallel rows of alternate 
holes. This paper was joined so as to form an endless band, and was drawn by the roller 
R under two little bent wires b and e, placed abreast, so that each alternately came in 
contact with the metal plate L through one of the holes in the paper. The plate L 
was connected with the cable, the wire b with the battery, and the wire e with earth. 
As the paper was drawn along under the wires, the alternate battery and earth contacts 
sent signals through the cable, and the length of the holes in the paper determined the 
relative length of the contacts. 

The first or battery-contact was made through the upper row of holes (fig. 9), the 
earth-contact through the lower row. Dots were sent by two equal holes, dashes by 
two longer holes, of which the upper bore to the lower the proportion of 5 to 4, corre- 
sponding to the relative length of contacts desired. The length of the two dash con- 
tacts was made equal to two pairs of dot contacts. 

It was expected that if the right proportion between the first and second dash 
contacts had been adopted, all confusion from irregular combinations would be avoided ; 
but during any pause, such as is practically required to separate groups of signals, the 
spot or current would still fall towards zero if the line were left in contact with the 
earth (or ev«n if insulated at one end), so that the first signals sent after a pause would 
still cause mere irregular and unintelligible changes in the received current To avoid 
this second source of confusion, it was necessary to maintain the received current, during 
any pause, at the constant final strength to which «it returned at the end of each oscil- 
lation during a series of signals. 

If this were done, the first signal would begin where the last left off, and each signal 
might be expected in all cases to produce one invariable and intelligible effect 

There were two obvious means of keeping up the current during a pause. The line 
might be left in contact with a third source of electricity* just sufficiently powerful to 
maintain the required strength of current, or a very rapid series of contacts might be 
made alternately with the full battery and with earth. Experiment had shown that 
such a series of contacts would maintain the current at the receiving end sensibly con- 
stant, and the strength of this constant current could be easily adjusted by varying the 
proportion between the first and second of these very short contacts, increasing the 
length of the first contact to raise the current, and increasing the length of the second 
contact to lower the current. 

This second plan was easily carried out by the perforated paper. Where a pause was 

<• When reverse currents are used, if the line is put in contact with earth during a pause, the confusion 
of the first signals will be much lessened ; the earth then acts as the third intermediate source of electricity- 
alluded to in the text. This plan has to some extent been adopted in practice by Messrs. Siemens and 
HaIiSKS, by means of a key invented by Mr. L. Loeeeleb. This benefit, which may perhaps account for 
the fancied superiority of reverse currents, might be equally obtained with simple currents by connecting 
the line during each pause with half the battery. Mr. C. F. Vawww informed die author that he also haa 
used a similar key for a considerable time. 


6 U 2 
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required, little holes were cut in the paper to make contacts in pairs, each pair half the 
length of those used for a dot. In fig. 9 these short openings are shown where the 
word “space” is written. This arrangement was perfectly successful with 1600 knots 
in circuit on the very first trial ; and although other strips of paper were tried with 
other proportions between the contacts, none gave better results than those first adopted. 
When the paper was steadily drawn along, the signals appeared on the galvanometer 
with all the regularity that could be wished : during the pauses, the light stood trem- 
bling at one division on the scale, a dot caused a slight rise followed by an equal fall, 
and the dashes produced a greater and longer oscillation, at the end of which the spot 
always returned to the one constant final strength. 

A still more decisive test was next made, by substituting a relay and Morse marker 
for the galvanometer ; fig. 10, Plate L. is an exact copy of the signals which were then 
received, and shows faithfully the slight irregularities which did occur. The only serious 
flaw in the whole set of signals is shown at the beginning, between A and B, where some 
dots and a space contact made only unintelligible marks. This flaw invariably occurred at 
the same place ; it was shown equally by the galvanometer and the relay, and for some 
time the cause could not be discovered. By carefully watching the paper strip, it was 
at last seen that when the joint of the endless band passed through the rollers R (fig. 8) 
a little hitch or pause occurred, and that this slight irregularity of speed caused a corre- 
sponding confusion in three signals. This accident showed the accuracy of proportion 
required between the various contacts. 

Taking this hitch as the beginning, we next see six well-spaced dashes, three pairs 
of dots and dashes, one space, one dot, one space, one dash, a long pause, a dot, a long 
pause, a dash, a short pause, a dot, a dash, and a succession of dots. 

In this series every possible difficulty which could arise from interference or con- 
fusion was encountered and successfully overcome. The rate was about forty-five dots 
per minute, and the oscillations for a dot must have been about 6 per cent* 

Signals sent at a much higher rate could have been distinctly received, but the 
drawing-rollers could only be driven at one speed. 

The apparatus was next tried with 1800 knots in circuit: the signals could be read 
without difficulty on the galvanometer; ’but to increase the range and to facilitate the 
adjustment of the relay the battery power was increased, when not only could the 
regular dots and dashes be received, but even the short space contacts gave distinct 
legible signals ; so that the three sets of signals of three different lengths appeared, 
without confusion, recorded by the relay. The shortest signals were received at the 
rate of ninety per minute ; and from Table VI. it will be seen that even sixty dots per 
minute through this length reduced the oscillations to less than 1 per cent, of the per- 
manent maximum strength. Hence we may conclude that, by the means described , or by 

* When the relay was used the galvanometer could not be observed, for the motion of the soft iron used 
in the relay induced short currents, causing rapid vibrations of the spot of light. 
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analogous means , signals can be sent without confusion at any speed which will allow the 
shortest signals used to cause a sensible variation in the received current 

The cable was available for a few days only, the apparatus used was very imper- 
fect, the paper frequently tore, the openings in it were cut by hand one by one, the 
speed of the drawing-rollers was far from regular, the relay was difficult to adjust, 
owing to residual magnetism in the electro-magnets, and the author could give but a 
small part of each day to the experiments ; in spite of these disadvantages, the results 
obtained were so definite as to leave no doubt of the important conclusion stated 
above. 

No further experiments could be made ; but indeed no further improvement appeared 
possible, except in the mechanism for making the required contacts, and in the choice 
of signals which should give the greatest number of words with the smallest number of 
currents. Neither of these points can fitly be treated of in the present paper. 

Before proceeding to compare the results obtained with the deduction from mathe- 
matical theory, or to apply the conclusions to cables in practical use, it will be well to 
consider how far the special disposition of the cable may have affected the value of the 
experiments. 

The experiments were made through dry cables, lying in large close coils, whereas 
the cable when in use lies extended under water. It is found in practice that the insu- 
lation and charge of an iron-cased cable is little affected by submersion ; but coiling ' 
is generally believed to cause an additional impediment to the transmission of signals, 
and it might certainly be expected that this difference of condition would cause some 
discrepancy between the experiments described and the results of practice: but since 
the mathematical theory is framed to meet the case of a submerged and extended cable 
only, whenever the conclusions experimentally deduced are found to be in accordance 
with the deductions of theory, it is clear that the experiments and the theory mutually 
confirm one another, and that the conclusions may be safely applied to the practical 
case of an extended and submerged cable ; for it is impossible to suppose that the dry 
and coiled state of the cable, not contemplated in the theory, should nevertheless 
exactly compensate its errors, or that results due only to an accidental arrangement of 
the cable should by chance coincide with deductions from a defective hypothesis. 

When, on the other hand, the results obtained differ from those given by theory, or 
even when the theory affords no confirmation of the experimental conclusions, we must 
forbear to extend these conclusions, to the practical case of a straight cable. 

The arrival-curve obtained by experiment is similar in general appearance to that 
given by Professor Thomson in “The Theory of the Electric Telegraph*.” The iden- 
tity of the curve obtained from the increase with that obtained from the fall of the 
received current, follows from equation (3.) in the same paper. The described effects 
of using alternate currents follow from the principle of superposition, by which also 
the effects of the increased speed might be shown in diminishing the received signals. 

* Vide Proceedings of the Royal Society, May 1855, and Philosophical Magazine, S. 4. vol. xi. p. 146. 
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An example of Hie confusion arising from interference between successive s ignals has 
been given by Professor Thomson in his evidence before the Committee* appointed by 
the Board of Trade to inquire into the construction of submarine telegraph cables. 
Professor Thomson has also informed the author that the compensation derived from 
experiment, as explained above, is such as theory would demand, but that he has not 
yet verified the exact proportion required between the first and second contacts*. 

Thus every conclusion hitherto stated is in accordance with the mathematical theory, 
and may therefore without hesitation be applied to submerged and extended cables. 

The arrival-curves (fig. 7, Plate L.) do not, however, accurately correspond with that 
given by Professor Thomson. The dotted line shows the calculated curve, drawn so as 
nearly to agree with the experimental curve from 2192 knots, at its origin; the differ- 
ence between the two curves towards the end is very great. The experimental curve 
approaches its limiting height much too slowly after the first few seconds ; one part of 
the curve from 1006 knots is shown cn the same figure, and by theory the absciss® of 
the two curves corresponding to equal ordinates should be directly as the squares of the 
lengths. At the origin of the curves this is approximately the case, making a small 
allowance for the constant resistance of batteries and instruments ; but towards the end 
of the curves this is far from being the case. Some of the causes of the discrepancy 
may disappear in straight cables, but meanwhile the constants required in the mathe- 
matical theory cannot be with confidence derived from these curves or Tables. 

It is generally believed that coiling increases the retardation, and the curves obtained 
might be pointed to as confirming this opinion. It is certain that a mutual electro- 
magnetic induction of considerable importance does occur between the different parts of 
the coils f, and probably some part of the discrepancy between the observed and calcu- 
lated curves is due to this cause. But the varying resistance of gutta percha, unknown 
when the theory was framed, also accounts for a considerable difference between the 
results of observation and calculation. The allowance to be made for a constant uni- 
form leakage such as would occur if the resistance of the gutta percha were uniform, 
is described by Professor W. Thomson in the “Theory of the Electric Telegraph but 
the author of the present paper discovered that the resistance of gutta percha, such as 
was used for the Bed Sea cable, increased more than 60 per cent.} during positive or 

• Professor Thomson has also stated that he has long been acquainted with some other modes of pro- 
ducing the required regularity, and one of his methods is alluded to in the evidence before the Board of 
Trade Committee. Vide also Proceedings of the Royal Society, Dec. 1866, and Philosophical Magazine, 
1867, where the mathematical principle of the compensation is fully stated. 

t Vide paper read by Professor Thomson at the British Association, Aberdeen, 1860, and letter by Pro- 
fessor W. Thomson and the author, published in the ‘Philosophical Magazine,' 1861; also a letter from 
Mr. F. C. "W SBB in 1 The Engineer,’ August 1860. 

t These numbers are calculated from data in the paper by the author read before the Boyal Society in 
1860, and published in abstract in the ‘ Proceedings ' of last year, and in the * Philosophical Magazine * for 
1801 ; also in full in the Appendix to the Report of the Committee of the Beard of Trade on the Construc- 
tion of Submarine Cables, 1861. 
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negative electrification, and that a great part of the observed change was completed 
before the end of the first minute after the cable was connected with the battery. This 
gradual improvement of insulation would gradually increase the received current long 
after all inductive phenomena had ceased. For instance, the resistance of the total 
gutta-percha sheath of 2192 knots at 60°, after negative electrification for about 15", 
would be 104 X 10'° absolute British units ; after one minute, this resistance would 
increase to 132 x 10 ,# . The resistance of the conductor was about 65 x 10 ,# . 

If the insulation had remained constant at the first-named figure, the final maximum 
arriving current would have been only 78*4 per cent.* of the entering current; and if 
the insulation-resistance had remained constant at the second figure, the final arriving 
current would have been 82*4 per cent, of the entering current. It is not therefore 
surprising that the observed curve, subject to the influence of imperfect and varying insu- 
lation, should not more perfectly coincide with the theoretical curve, in which perfect and 
constant insulation is assumed. When allowance is made for the change in the enter- 
ing current due to the change in the total resistance of the circuit caused by the change 
in the insulation-resistance from 104 XlO 10 to 132 xlO 10 , the final arriving current with 
the lower insulation would by calculation be about 97 per cent, of the arriving current 
with the higher insulation, and this proportion very exactly corresponds with the slow 
increase observed during the last forty seconds of the minute. This increase has there- 
fore no connexion whatever with the retardation properly so called. 

The identity of the curve of increase with the curve of decrease seems to show that the 
apparent increase of the resistance of the gutta percha is rather due to an absorption 
of electricity which is again given out , than to a real change in the conductivity of the 
material f . 

The effect of varying insulation would be much less felt during the actual trans- 
mission of signals, for then the greater part of the cable is constantly electrified in one 
manner, and the resistance of the gutta percha under such circumstances remains 
sensibly constant ; we might therefore here expect a better agreement between theory 
and observation. 

In order to examine the results of the experiments on repeated signals, the number 
of dots sent per minute, and the corresponding amplitude of oscillation observed in the 
received current, might be used respectively as abscissa and ordinates, to give a curve 
expressing the rate at which, for each length of cable, the effect of the signals dimi- 
nished as their speed increased ; but, by the mathematical theory, the time required for 
any electrical operation varies as the square of the length of the cable. The product of 
the square of the length into the number of dots producing a given amplitude of varia- 
tion should therefore be constant for all lengths of the same cable ; and by using this 
product as an abscissa, instead of the simple number of dots, one curve should give the 

* Appendix, Section I. 

f The truth of this conclusion has been established by the results of some experiments on the Malta- 
Alexandria cable, made by Dr. Essxlbach, and received by the author since writing the above. 
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amplitudes for all speeds through all lengths of cable ; and conversely, the observations 
made on various lengths should, when thus geometrically represented, agree in defining 
one curve. The agreement between theory and observation may be very readily tested 
by comparing the observations through various lengths in this manner. But Professor 
Thomson has also stated *, as a development of the theory, that if the resistance of the 
battery and receiving instrument bear but a small proportion to the total resistance of 
the cable, their effect in retarding and weakening the signals will be sensibly the same 
as that of adding an equal length of actual cable with its usual electrostatic capacity. 
(Evidence before Board of Trade Committee.) 

It will thus be necessary, in comparing the observations, to add in each case 160 
knots, equivalent to the resistance of the battery and galvanometer, to the length of the 
cable. Table XV. and fig. 11, Plate LI. show the results of the comparison. The first 
and second columns of the Table give the number of beats and corresponding amplitudes, 
extracted from Tables IV., VI., and XIII. The third column contains the product of 
the number of beats into the square of the length of the cable. The fourth column 
gives the similar product when 160 knots has been added to the length of each cable. 

Fig. 11 gives the geometrical representation of the observations made by using 
the entries in the second and fourth columns of the Table as ordinates and absciss® 
respectively. 

The star, cross, and circle respectively denote observations with 1600, 1802, and 
2192 knots in circuit. All these marks fall sensibly on one curve, affording a perfect 
experimental proof that the rate of transmission does vary inversely as the square of the 
length , whether by rate of transmission be meant that speed at which the repeated signals 
fail to produce any sensible effect , or the rate producing so great an amplitude that 
common hand signals can be received without confusion. 

Moreover, it will be found that the curve is more accurately defined by taking the 
absciss® from the fourth than from the third column; verifying Professor Thomson’s 
conclusion as to the effect of the resistance of the battery and receiving instrument. 
These points have been much debated, but no doubt should now be felt of the sound- 
ness of the theoretical conclusions. 

The above is neither the only nor the most remarkable confirmation of the mathe- 
matical theory. Professor Thomson has been so kind as to gjve the author a Table 
(XVI.f ) of calculated ordinates for the curve in question $. The full black line (fig. 11) 
was constructed from this Table, and coincides with the recorded observations in the 
most striking manner ; no more perfect verification of complicated mathematical calcu- 
lations was probably ever obtained by experiment. 

The curve shows at once the relative number of signals per minute which will pro- 

* Vide Evidence before the Committee of the Board of Trade on the Construction of Submarine Cables, 
a.d. 1801, p. 125. 

+ Appendix, Section II. 

% Proceedings of the Boyal Society, 1855 and 1856, and Philosophical Magazine, 1856 and 1857. 



OP ELECTRIC SIGNALS THROU&H SUBMARINE CABLES. 1003 

duce the various amplitudes in any one length of cable ; thus we see that if an ampli- 
tude or variation in the received current of 1 per cent, will suffice for distinct signals, 
twice as many signals can be sent through any given cable as if an amplitude of 7 per 
cent, is required, or four times as many as if an amplitude of 25 per cent, is required. 
The latter amplitude is probably necessary for hand signalling, but our experiments 
have shown that less than 1 per cent, is sufficient when a proper compensation is made. 
The coincidence between theory and observation places it beyond doubt that the curve 
truly expresses the relation between the speeds and amplitudes for straight as well as 
for coiled cables ; and if the amplitude at any one speed through any one straight cable 
were known, the amplitude at any other speed through any other cable of the same* 
materials might be calculated from the curve with certainty ; but unfortunately this 
fact is wanting. There is no proof that the absolute amplitude observed through the 
coiled cable would remain unaltered if the cable were extended ; on the contrary, it is 
very generally believed that it is easier to signal through a straight than a coiled cable ; 
and if this be so, the amplitude would increase as the cable was laid. Although, there- 
fore, the constants for the mathematical theory might easily be calculated from the 
values of the coordinates of the curve given by the observations, these constants would 
probably be inapplicable to straight cables. 

Assuming, however, for a moment the identity of a coiled and extended cable, it may 
be interesting to calculate the amplitudes which would correspond to the rates of signal- 
ling recorded for various cables. 

For the Red Sea cable the amplitude is found by taking the ordinate corresponding 
to the abscissa given by the product of the square of the length into twice the number 
of dots per minute. The speed giving the same amplitude through any other cable of 
different dimensions, but of equal length, is obtained by a simple proportion. 

The author has been informed that ten words per minute have been sent through 
640 knots of the Red Sea cable, but that seven words was the more usual speed. The 
former would correspond to an amplitude of 20 per cent, for the dots*, the latter to 
about 35 per cent. 1*1 word per minute was sent through the Atlantic cable and 
received by a relay; this speed would correspond to an amplitude of about 8 per 
cent. ; 2‘4 words per minute (the ordinary rate of signalling from Newfoundland 
having been forty-one dots per minute) were received through the same cable by 
Professor Thomson’s galvanometer f, corresponding to an amplitude of little more than 
1 per cent. 

Ninety dots per minute, the speed of the message sent by the perforated paper, would, 

* Seventeen dots per word. 

f An instrument similar to that used in this research : the obsorver could therefore follow every change 
in the received current, and disentangle the meaning of signals which would have produced only hopeless 
confusion on a relay, or other instrument with a fixed zero. 

MDCCCLXII. 6 X 
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for 1802 knots, give by the curve an amplitude of 0*3 per cent, only, and there is no 
reason to doubt this estimate. 

In conclusion, the experiments, so far as they went, were successful. They have 
shown the relative effects of signals transmitted at various speeds through various 
lengths ; they have shown how little the results are affected by changing the power or 
arrangement of the batteries ; they have shown the nature of the ultimate limit set to 
the rate of signalling by the gradual diminution and disappearance of the signals, pre- 
ceded by their mutual interference. 

The coincidence between theory and observation on these points gives good proof of 
the soundness of the theory, and permits the extension of the conclusions to the case of 
a submerged and extended cable. The experiments have also given well-defined curves 
fully expressing the retardation experienced through the cable as it lay in coils ; but 
owing to this arrangement, the observations cannot be said to fix either the retardation 
or the absolute effect of signals through a straight cable. A few observations made in 
the same manner on a sound cable in actual use would be sufficient for this purpose. 

Finally, the research has proved that the rate of signalling through a given cable can 
be very materially increased by removing the confusion or interference of successive 
signals, and has led to the discovery of one method of effecting this object. 

In the present paper, the phenomena depending on the length of the cable, together 
with the rate and manner of signalling, have alone been considered. The absolute 
measurement of the effects depending on the materials and dimensions of the insulated 
conductor will probably form the subject of another research, completing the practical 
examination of the mathematical theory. 


Table I. — Arrival-curve for 2168 knots, in 10 coils, with 72 p.p. July 26, 1859. 
Maximum deflection caused by permanent current from 72 p.p. . . . 130 d . 


Seconds after making contact with battery 4 

5 

6 

6 6 

7 

8 

11 15 j 21 j 51 

Division of scale passed by spot as the current rises at far end of line | 50 

60 

70 

80 80 

90 

100 

110 

120 1 125 

130 

Reduced distance traversed by spot after contact has been made 1 Lg.g 
with battery for each number of seconds J j 

46-3 

53-9 

61-6 61 6 


■ 

84-7 

I 

92-4 96-2 

| 1 

100 


Table II. — Arrival-curve for 2168 knots, in 10 coils, with 36 p.p. July 26, 1859. 
Maximum deflection caused by permanent current from 36 p.p. . . . 63^ d . 


Seconds after making contact with battery 

7* 

8 

10J 





Division of acale passed by the spot as the current rises at far end of line 

50 

50 

55 

60 

60 

60 

Reduced distance traversed by spot after contact has been made with battery for each number 1 
of seconds / 

78-5 

78-5 

86-4 

04-2 


94*9 
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Table III. — Arrival-curve for 1500 knots, in 8 coils. July 27, 1859. 
Maximum deflection caused by permanent current from 72 p.p. . . . 200 d . 


Seconds after making contact with battery 

6J 

6* 


14 

33 

Division of scale passed by the spot as current rises at far end of line 

170 

17« 

180 

190 

200 

Reduced distance traversed by spot after contact has been made with battery 

85 

85 

90 

95 

100 


Table IV. — Signals through 1500 knots, in 8 coils. July 27, 1859. 
Maximum deflection caused by permanent current from 72 p.p. . . . 201 

2. I 3. i 4. 5. 6. j 7. I 8. 


gw 

2 ° si 

a^s| 

T.SS8 

1 1| JE 

« * 5 ► 


Diagrams showing the changes of current caused at the end of 
the line by the signals. 

Vertical scale -~th of an inch =1 division (strength of current). 
Horizontal scale --th of an inch = 1 second (time). 


72 p.p. 0 652 

TO A 


72 p.p. 0-652 
K. 0-652 
72 p.p. 1*3 
K. 0-652 

72 p.p. 0-833 
E. 0-833 


116 

121 

1181 

59-2 

85 

90 

87J 

43*7 

140 

140 

140 

70 

100 

100 

100 

50 


Reduced 
amplitude 
of corre- 


110 112 111 55*5 

95 97 96 48 

122 125 123* 617 

105 108 106* 53-2 


72 p.p. 0 833 115 112 113* 567 

171 o.ooo AA aa rv l a tr » 


72 p.p. 1-666 130 135 132* 66-2 

E. 0833 100 105 1021 512 


4^KA 


Table V. — Arrival-curve for 1802 knots, in 9 coils. July 28, 1859 
Maximum deflection caused by permanent current from 72 p.p. . . . 1( 


Seconds after making contact with battery or with earth 

5* 


7 

8 


ml 

Division of scale^passed by the spot as the current rises at far end of line 

. — 0 — ... — ■■ 

130 

135 

140 

145 

150 

155 

Reduced distanco traversed by spot after contact has been made with battery 

77-3 

80*3 

83*3 

86*3 

89-2 

922 
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Table VI. — Signals through. 1802 knots,, in 9 coils. July 28, 1869. 
Maximum deflection with 72 p.p. . . . 108 d . 
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Table VII. — Arrival-curve for 1006 knots, in 4 coils. July 29, 1859. 
Maximum deflection caused by permanent current from 72 p.p. . . . 277 d . 


Seconds after making contact with battery or with 
earth 


H 

14 

2 


3 

3* 

44 

44 

4$ i « 

7 

94 

144 

194 

Division of scale passed by spot as current rises at far 
end of line 


— 

— 


200 

— 



— 

230 1 — 



— 

270 

Division of scale passed by spot as current falls at far 
ond of lino j 





— 


-A 

— 

50 

— 40 

— 

— 

15 

— 

Distance on scale traversed by spot after contact has 1 
been made with battery or with earth J 

i 

157 

167 

177 


217 

210 


227 

230 237 

240 

250 

262 

ffl 

Reduced distance traversed by spot after contact has ] 
been made with battery or with earth J 

i 

56-7 


63-9 

722 

78-3 

75-8 

79-4 

81-9 

83 85-6 

; 1 

86-6 


94-6 

97*5 


Table VIII. — Arrival-curve for 1165 knots, in 6 coils. July 29, 1859. 
Maximum deflection caused by permanent current from 72 p.p. . . . 264 d . 


Seconds after making contact with battery or with earth 



E 

44 

7 

m 


17 

23 

Division of scale passed by spot as the current rises at far end of line 

B 


B 

220 

— 

240 

— — 

m 

Division of scale passed by spot as the current falls at far end of lino 

70 

— 

60 

— 

30 


20 

10 

— 

Distance on scale traversed by spot after contact lias been made with battery or 1 
with earth J 

194 

200 

204 

220 

a 





Reduced distance traversed by spot after contact has been made with battery or 1 
with cartli / 

73-5 

75-8 

77-3 

83-4 

88-7 

91 

92-5 

96-3 

98-5 


Table IX. — Signals through 1165 knots, in 6 coils. July 29, 1859. 
Maximum deflection caused by permanent current from 72 p.p. . . . 264 d . 


Beats of metronome 
per minute. 

Signals sent. 

Source of electricity 
in contact with line 
at near end. 

Duration of contact 
at near end. 

I 


Second observation. 

Mean limit of 
deflection caused by 
contact. 

II 

ip 

ft; 

I|* 

3* 

. «$ 
|§I 
c J 8 

III 

i ? i 

Diagrams showing changes of current caused at far end of line 

By the signals. 

Vertical scale ith of an inch — 1 division (strength of current). 

Horizontal scale ~>th of an inch = l second (time). 

100 

Dots. 


ri'e 

06 

130 

100 

125 

95 

1274 

974 

483 

30-9 

11-4 

dots 

dashes do tslt dashes A* 



/yuwv 



i j 100 

9 

Dashes. 

rap 



— 

190 

130 

72 

493 

22-7 

Dots 

and 

dashes. 

72^>.p. 

rap 

I 

150 

110 

180 

120 

145 

105 

180 

120 

1474 

1074 

180 

120 

55-9 

40-7 

68-2 

45-5 

i 

D 

72 p.p. 

4- 


115 

70 

170 

90 

— 

115 

70 

170 

90 

43-6 

26-5 

64-4 

341 
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Table X. — Arrival-curve for 1165 knots, in 6 coils. July 29, 1859. 

Maximum deflection caused by permanent current from +42 p.p. . . 157 d 

,, ,, „ ,, ,, —30 p.p. • • 113 d 

Sum o^the two deflections 270 d 



Seconds after making contact with positive 
battery or with negative battery 


Division of scale passed by spot as the current 
arises at far end of line, aft# contact has been 
made with positive battery 


Division of scale passed by spot as the current 
falls at far end of line, after contact has been 
made with negative battery 


Distance on scale traversed by spot after contact 
with either battery 


Reduced distance traversed by spot after contact 
has been made with either battery 



203 217 213 


9 9 f 13 14 17 18 25 


+ 145; — +150 + 155 



-901-100 



95-5 96*9 97*3 992 


Table XI. — Signals through 1165 knots, in 6 coils, with alternate positive and negative 

currents. July 29, 1859. 

Maximum deflection caused by permanent current from + 42 p.p. . . . 157 d 

,, ,, „ „ ,, ,, ,, —30 p.p. • • . 113 

Sum of two deflections 270 d 


Diagrams showing changes of current caused at far end of lino 
by the signals. 

VertioSf scale ^th 1111 “ 1 division (strength of current). 

Horizontal scale JLth of an inch — 1 second (time). 




1] 

4* 


115 

III 

J2« 

is 

1 

in 

12 
« o 

+331+12-4 

- 11 

- 0-6 

+85 

+351 

+371 

+13*9 

+471 

+ 17*6 

> + 15 

+ 5-0 

+821 

+30*5 

+22* 

+ 8*3 

+ 10 

+ 3-7 

-20 

- 7*4 

+« 

+24 

-20 

- 7-4 


| dots 

dashes 

dotsfadashei 

A* j 
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Table XII. — Arrival-curve for 2192 knots, in 10 coils. July 30, 1859. 
Maximum deflection caused by permanent current from 72 p.p. . . . 133 d . 


• — 

Seconds after making contact 1 
with battery or with earth. . . / 

2* 

n 

3 

u 

31 

a 

4 

II 

41 

5 

n 

5* 

II 

6 

II 

61 

‘7 

a 

a 

»1 

II 

81 

n 

9 

»1 

II 

101 

II 

11 


a 

16} 

n 

17 

a 

30 

50 

Division of scale passed by spot 1 
as the current rises at far end > 
of line J 

30 

40 

50 

60 


— 

80 

— 

90 

95 

100 

105 

— 

110 

1& 

115 

— 

120 

125 

125 

130 

131 

Division of scale passed by spot 1 
as the current falls at far end l 
of line J 

■ 

i 

i 

i 

70 

60 

i 

50 

i 

i 

1 

i 

30 

i 

1 

H 

20 

j 

— 

i 

R 

i 

■ 

Distance on scale traversed by ] 
spot after contact has been l 
made with battery or earth .. J 

30 

40 

50 

60 

45-1 

63 

47*4 

73 

80 

83 

90 

95 

100 

105 

103 

110 

110 

115 

113 

120 

125 

125 

130 

131 

Reduced distance traversed by 1 
spot after contact has been > 
made with battery or earth.. J 

226 

301 

37*6 

i 

54*9 

602 

1 

62-4 167-7 

71*4 

75*2 

79 '77-5 

00 

K 

04 

QO 

86-5 

85 

90-2 

94 

94 

97-8 

98*5 


Table XIII. — Signals through 2192 knots, in 10 coils. July 30, 1859. 
Maximum deflection caused by permanent current from 72 p.p. . . . 133 d . 


































1010 ME. F. JENKIN’S EXPERIMENTAL RESEARCHES ON THE TRANSMISSION 


Table XIV. — Signals sent through 1812 knots, in 9 coils. July 30, 1859. 
Maximum deflection caused by permanent current from 72 p.p. . . . 166 d . 
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Table XV. — Speeds and Amplitudes for various lengths. 



1. 

2. 

3. 

4 . 


Number of beats 

Observed amplitude 

Product of number of beats 
into square of length 
=NxIA 

Product of number of beats 
into square of length corrected 


per minute =N. 

reduced to percentage. 

for battery and nltuoncter 
=Nx(L+ 160 )*. 


130 

2-5 

297 X 10* 

364 x 10» 

L-1500... 

92 

73 

5 

10 

207 „ 

162 „ 

254 „ 

198 „ 


00 

12-5 

135 „ 

1M „ 


132 

0 

429 x 10« 

508 x 10* 


112 

1-2 

364 „ 

431 „ 


100 

1-8 

325 „ 

385 „ 


92 

2-7 

299 „ 

354 „ 

L=1802... • 

84 

3 

273 „ 

323 „ 


72 

39 

234 „ 

277 „ 


60 

6-9 

195 „ 

231 „ 


50 

9-2 

162 „ 

192 „ 

V 

40 

14-8 

130 „ 

154 „ 

/ 

100 

0 

480 X 10« 

553 X 10» 


80 

1-5 

384 „ 

443 „ 


60 

3 

288 „ 

332 „ 

L=2192... • 

40 

7-5 

192 „ 

221 „ 


36 

9-4 

173 „ 

199 „ 


30 

12-7 

144 „ 

166 „ 

1 N 

18 

28-6 

86 „ 

100 „ 


Appendix. 

Received January 14, 1863. 


Section I . — Effect of conduction across the sheath of an insulated wire, or of uniformly 
imperfect insulation on the permanent received current. 

The author is indebted to Professor W. Thomson for the substance of the following 
theory. 

Consider a cable extending infinitely in one direction from an origin O. 

Let the distance of any point P from the origin be called x. 

Let i denote the resistance of the unit length of the sheath to conduction across it, 
i. e. the measure of the insulation. 

Let m denote the resistance of the unit length of the wire to conduction along it. 

Let the potential at O be called V, and the potential at any point P be called V # . 

Let the strength of the current entering at O be called Q, and the strength of the 
current at P be called Q,. Then it is not difficult to prove that 

Q.=Q i -V?, 

V„=Vi 



MDCCCLXII. 


(■'»)*' ‘ 
6 T 


( 1 -) 

( 2 -) 

( 3 .) 
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We can pass from this case to that of a finite cable of the length l with one end in 
connexion with the earth by the device of electrical images. 

Superimpose two potential curves satisfying equation (2.) with equal but opposite ' 
potentials +V and — V at their origins O and O,. Let these points be situated at a 
distance 2 1 apart) and let the curves extend from their origin to meet and cross one 
another. The resultant potential will necessarily be zero halfway between O and 0„ 
and the resultant curve between this point and each origin will represent the variation 
of potentials in a cable of the length l with one end in connexion with the earth and 
the origin at a certain positive or negative potential. 

By putting these results into a mathematical form, we obtain from equations (1.) and(2.), 

V.= v(«- v T_,-<"-*>v / ?) (4.) 

Q,=Q(r' v ^f .f (-«-»»/ *) (5.) 

But V and Q do not represent the potential and current at the origin of the finite cable, 
but the potential and current at the origin of the hypothetical infinite curves superim- 
posed. In order to obtain V, and Q, in function of any given potential V 0 at the origin 
of the finite cable, we must obtain the value of V in function of V„ by putting x=0 in 
equation (4.), and substitute the value of V in function of V 0 in the general equations 
(4.) and (6.). 


Then we have 


and hence 


V 0 =v(l-i^i), 

rVf-rwVf 


V.=v 0 


and 


Q,= 


l 

v 0 rVr +l ‘(«V 7 


(im)* 1 _ f -«\/-r 

To obtain the current flowing into the cable at its origin, make #=0 ; then 

1+.W7 


< 6 .) 


(70 


^ (*")* 
and 

,Vt-,W5 

i+r"v t 

or, for brevity, writing and 


Qo= 


Vo <(**+«“») 


and 


lm (**— 1~ $ ) ’ 


( 8 .) 


Q=a--~ 


(9.) 
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When cc=l, 

Q,=Q.?£r.- ( 10 .) 


The equations (8.) and (10.)* applied to the case of the Red Sea cable, give the 
results in the text, 

l =2192, . . . m=250xl0® . . . $=228x10”, 

«• =8°-7* m =2-0664 . . . •“•=0-48394, 

Qo=l‘1694^°=the entering current, 

Q / =0-784Q o =0-9*168^ • 

Similarly, when $=289x10”, 

Q 1 =0-824Q,=0-938 ^ • 

If the cable were perfectly insulated, by Ohm’s law, 



Section II. — Table XVI. 


V ' 

2. 

3. 

. j j i . 

4 . 

5. 

0 . 

Period of dot in 
seconds in function 
of #. 

Pactor used in the 
formula given in the 
third column. 

Reciprocal of amplitude 
of variation in tho 
roceived current produced 
by harmonic variation 
of potential at the 
operating end. 

Reciprocal of 
amplitude of 
variation in the 
received current 
produced by the 
dot signal. 

Amplitude 
produced by dot 
signals. 

Number of dots 
per minute. 

e in function of «. 

■ -^Xlog^lO*). 


{2^.,lo gt (I>‘}- 1 . 

Third column 
multiplied into 

w 

T 

Reciprocal of 
fourth column 
multiplied 
by 100. 

60 

e' 

* v K 1 )' 
<-10* 

0*25 X a 

100-7926 

182 , 840,000 

143 , 600,000 


240 

xl 

(X 

0*5 

99 

71*2711 

288,070 

226,250 

3! 1 

200 

99 

0-75 

99 

58-1926 

17,402 

13,668 


80 

99 

1-0 

M 

50-3963 


2,631-5 


60 ; 

99 

M 

99 

48-0510 


1 , 602-2 , 

■ 

54*5 

99 

1-2 

99 

46-0053 

1 , 330-3 

1 , 044-8 i0 - 095,7 

50-0 

99 

1*3 

99 

44-2005 

913-82 


0 * 139,3 

46-2 

99 

1*4 

99 

42-5926 

654-97 

514-41 ; 0 - 194,5 

42*9 

99 

1-5 

99 

41-1496 

486*24 

381-89 0 * 261,8 

40-0 

99 

1*6 

99 

39*8418 

371*60 

291*86 0 * 342,6 

37*5 

99 

1-7 

99 

38-6522 

291-26 

228-76 , 0 - 437,1 

35-3 

99 

1-8 

99 

37*5632 


182-40 

0 - 548,2 

33*3 

99 

1-9 

99 

36-5617 

190-28 

149*44 

0 * 669,3 

31-6 

99 

2*0 

99 

35-6356 

157-73 

123*88 

0 - 807,1 

30-0 

99 

2-1 

99 

34-7777 

132-65 

104*17 

0 - 969,7 

28-6. 

99 

2*2 

99 

33-9782 

112-90 

88-67 

1 * 127,8 

27-3 

99 

2-9 

99 

33-2299 

97*21 

76-35 

1 * 309,8 

26-1 

99 

2-4 

99 

32-5305 

84-52 

66-38 

1 - 506,5 

25-0 

99 

2-3 

99 

31*8742 

74-17 

58-25 

1 - 716,7 

24*0 

99 

2-Q 

99 

31*2535 

65-57 

51-60 

1 - 941,7 

23 } 1 

99 

2-7 

99 

30*6696 

98-41 

45*88 

2 - 179,6 

22*2 

99 

2-8. 

99 

30-1180 

52-39 

41-15 

2 - 430,1 

21-4 

99 


6 y 2 
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Table XVI. (continued). 


1. 

2. 

3. 

4. 

5. 

6. 




Reciprocal of amplitude 

Reciprocal of 




Period of dofc in 

Factor used in the 

of variation in the 
received current pro- 

amplitude of varia- 
tion in the 

Amplitude 

Number of dots 

seconds in function 

formula given in the 

duced ty harmonic varia 

received current 

produced by dot 

per minute. 

of 

a. 

third column. 

tion o^ potential at the 

produced by the 

signals. 






operating end. 

dot signal. 
















Third column 
multiplied into 

w 

4* 

Reciprocal of 
fourth column 
multiplied 
by 100. 



0 in function of ». 
xiog'(io 

•V K) - 

<-10* 

{ 2 Va.. • log, Q <<}“'. 

60 
0 * 


2*9 x* 

29*5944 

47*26 

37*12 

2*694,0 

20*7 : 

1 

< ~ 

OL 

3*0 

99 

29*0964 

42*86 

33*66 

2*970,9 

20*0 

99 

31 

99 

28*6232 

39*07 

30*69 

3*195,9 

19-4 

99 

3-2 

99 

28*1724 

35-78 

28*10 

3*558,7 

18*7 

99 

3-3 

99 

27-7422 

32-91 

25-85 

3*868,5 

18-2 

99 

3-4 

99 

27-3312 

30-39 

23*87 

4*189,4 

17*6 

99 

3-5 

99 

26*9380 

28*16 

22*12 

4-520,8 

17*1 

>9 

3*6 

99 

26*5612 

26*19 

20-57 

4*861,5 

16*7 

99 

3-7 

99 

26*1998 

24-43 

19*19 

5*211,0 

16*2 

99 

3-8 

99 

25-8528 

22*86 

17*53 

5-704 

15*8 

99 

3*9 

99 

25*5192 

21-44 

16*84 

5-938 

15-4 

99 

4*0 

99 

25*1981 

20*17 

15-84 

6*313 

16-0 

99 

41 

99 

24-8900 

1902 

14-94 

6*693 

14*6 

99 

4-2 

99 

24*5909 

17*97 

14-11 

7*087 

14-3 

99 

4*3 

99 

24-3033 

17*02 

13*37 

7*479 

14*0 

99 

4*4 

99 

24*0255 

16*15 

12*68 

7*886 

13*6 

99 

4-5 

99 

23*7570 

15-35 


8*292 

13*3 

99 

4-6 

99 

23*4974 

14*62 


8*711 

13*0 

99 

4-7 

99 

23*2461 

13*95 


9*124 

12*8 

99 

4*8 

99 

23*0021 

13*33 


9*551 

12*5 

99 

4*9 

99 

22*7667 

12*75 

10*01 

9*990 

12*2 

99 

5-0 

99 

22*5379 

12*22 

9*60 

10*417 

12*0 

99 

5-1 

99 

22*3158 

1L*73 

9-21 

10*858 

11*8 

99 

5-2 

99 

22*1002 

11*27 

8-85 

11*299 

11-5 

99 

5-3 

99 

21*8907 

10*84 

8-51 

11*751 

11*3 

99 

6-4 

99 

21*6871 

10*44 

8*20 

12*195 

11*1 

99 

5-5 


21*4890 

10*07 

7*91 

12*642 

10*9 

99 

5*6 

99 

21*2963 

9*72 

7*634 

13*099 

10*7 

99 

5-7 

99 

21*1087 

9*39 

7*375 

13*559 

10*5 

99 

6*8 


20*9259 

9*08 

7*131 

14-023 

10*4 

99 

5-9 

99 

20*7478 

8*79 

6*904 

14*484 

10*2 

99 

6*0 


20*5742 

8*52 

6*732 

14*854 

10*0 

99 

6*1 

99 

20*4049 

8*260 

6*487 

15*415 

9*8 

99 

6*2 

99 

20*2396 

8*017 

6*296 

15*883 

9*66 

99 

6*3 

99 

20*0784 

7*786 

6*115 

16*353 

9*52 

99 

6*4 

99 

19*9209 

7*569 

5*944 

16*824 

9*37 

99 

6*5 

99 

19*7670 

7*362 

5*782 

17*295 

9*23 

99 

6*6 

99 

19*6167 

7*166 

5*628 

17*590 

9*09 

99 

6-7 

99 

19*4698 

6*980 

5-482 

18*241 

8*96 

99 

6*8 

99 

19*3261 

6*803 

5*443 

18*372 

8*82 

99 

6*9 

99 

19*1855 

6*635 

5*211 

19*190 

8*69 

99 

7*0 

99 

19*0480 

6*474 

5*085 

19*666 

8*57 

99 

7*1 

99 

18*9136 

6*322 

4*965 

20*141 

8*45 

99 

7*8 

99 

18*7817 

6*176 

4*851 

20*614 

8*33 

99 

7*3 

99 

18*6525 

6*036 

4*701 

21*272 

8*22 

99 

7*4 

99 

18*5260 

6*903 

4*636 

21*575 

8*11 

99 

7*6 

99 

18*4021 

6*775 

4*536 

22*046 

8*00 

99 

7*6 

99 

18*2807 

5*652 

4*439 

22*528 

7*90 

99 

7*7 

99 

18*1616 

5*537 

4*349 

22*994 

7*80 

99 

7*8 

99 

18*0448 

5*425 

4*260 

23*474 

7*69 

99 

7*9 

99 

17*9302 

5*317 

4*176 

23*946 

7*60 

99 

43*0 

99 

17*8178 

6*214 

4*095 

24*420 

7*80 

99 

9*0 

99 

16*7988 . 

4*374 

3*435 

29*112 

6*67 

99 

10*0 

&» 

99 

15*9367 

3*780 

2*969 

38*681 

6*00 

99 















OP ELECTRIC SIGNALS THROUGH SUBMARINE CABLES. 


1015 


Explanation of Table XVI. 

Table XVI., given to the author by. Professor W. Thomson, will now be shortly 
explained. The author will not enter into any detailed explanation of the theory by 
which the results contained in the Table were obtained, as these results are the direct 
mathematical consequences of the equations given in the papers already alluded to, and 
as Professor Thomson will probably himself publish the foil mathematical development 
of the theory. 

The first column headed 0 contains a scries of “times” occupied by the full periods 
of electric operations, each of which, when continually repeated, produces a succession of 
equal and similar rises and falls in the received current, or of “ dots” as they have been 
hitherto called in this paper. The series begins with the shorter and ends with the 
longer times, or, in other words, begins with the more rapid and ends with the slower 
speeds. The numbers in the first column are numbers measuring the times of the periods 
in terms of a certain quantity a taken as unity. The actual time in seconds occupied 
by each period or cycle of electric operations corresponding to the scries in the first 
column is equal to the numbers entered there multiplied into a. This quantity u is 

equal to • log, (lO*), where 

c = the electrostatical capacity of the insulated wire per unit of length in absolute 
electrostatic measure ; 

Jc = the resistance of the conductor per unit of length in absolute electrostatic 


measure ; 

l =a the length of the conductor. 

a varies therefore for every cable and for every length of the same cable. The 
meaning of this quantity will be best explained by the following extract from a letter of 
Professor Thomson’s to the author : — 

“ a, in definite absolute measure, means the tenth part of the time in seconds in which 
a simple harmonic electrification established in the wire and left to itself (two ends to 
earth) would subside to -j^th of its amount. Thus in the time a, an harmonic electri- 
fication subsides to of its amount. The subsidence here spoken of is the gradual 

'loss of charge by conduction out through the ends to earth.” 

Now let the electrical operation producing the dot be a simple harmonic variation of the 

/ 2 irt 

potential at one end while the other is connected to earth ( i. e. let V=Asin q-, where 


V= the varying potential, A= a constant, and ^ = any function of the whole period^. 
Then, measured as a fraction of the maximum current which would be received if the 


maximum potential A were constantly maintained at the sending end of the cable, the 
difference between the maximum and minimum received current will be the reciprocal 
of the number entered in the third column ; or translating this into the language used in 
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the paper, the reciprocals of the numbers in the third column give the amplitude of the 
» dot measured as a function of the maximum permanent current*. For instance, if each 
dot occupied a period a, the amplitude of variation in the received current would be 
a th of the maximum permanent current, or would be 0*02966 per cent, of that 
current. 

The fourth column is obtained by multiplying the numbers in the third column into 

a constant The numbers so obtained express the reciprocals of the amplitudes which 

would result if, instead of being subjected to the harmonic variation previously described, 
the end operated on had been maintained at the maximum potential for the first half of 
the periods 0, and at the minimum during the second half. This was precisely the 
condition fulfilled when dots were sent in the experiments described. The potential of 
one pole of the battery was maintained at the sending end of the cable during one half 
of each dot, and the potential of the earth was maintained during the other half. 

The fifth column contains the product of the reciprocals of the numbers in the fourth 
column multiplied into 100, and gives therefore the amplitudes produced by dots made 
as in the experiments occupying the various periods in the first column, and these ampli- 
tudes are moreover expressed in percentages of the maximum received current, as in the 
rest of the paper. 

The product of the reciprocals of the times entered in the first column, multiplied 
into 60, will give a series of numbers corresponding to the number of dots per minute 
in terms of a. This series, expressing “ speeds,” is entered in the sixth column. 

The numbers in the fifth and sixth columns used as coordinates give the curve, shown 
in fig. 11, Plate LI., corresponding most accurately with the observed speeds and ampli- 
tudes. 

The scale of amplitudes, shown in full lines, corresponds to the numbers in the fifth- 
column, and the scale of times, shown by dotted lines, corresponds to the values of 

— when a is taken as unity. 

When in any case the amplitude corresponding to a given number of dots is known, the 
actual value of a can at once be determined from this curve. Thus observation (Table IV.) 
showed that for a length of 1600 knots of cable +160 knots of resistance, with 92 beats 
or 46 dots per minute, the amplitude was 6 per cent., and by the curve we find that this 

amplitude corresponded to a speed of 16*4 X^; hence 46=16*4 X-, or a=0 ,, *3665f. 

From this value the electrostatical capacity per unit of length, and the specific inductive 
capacity of the dielectric could be determined. These points will, however, be more 
fully treated of in the second part of this paper. 

* The second column only contains the value of a cer tain quantity * used in the formula by which the 
third column is calculated. 

t It should he observed that inasmuch as this observation does not exactly fall on the curve, so the value 
of x differs a little from that which would be calculated by the curve alone, as presently to be described. 
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Quite similarly, if a be known, the number of beats per minute corresponding to any 
amplitude could be determined ; but, practically, a need not enter into the calculation 
when treating of any given cable. The speed, amplitude, and length are here the three 
elements of every problem, and when two of these are known the third can be deter- 
mined ; but here it may be observed, that as the speed, multiplied into a, is constant for 
each amplitude, so will the speed, multiplied into the square of the length, be constant 
for each amplitude, and the scale of abscissae may be so chosen as for any one cable to 
give directly this product by simple inspection. 

It is this scale for the Red Sea cable which is drawn at the foot of the curve, fig. 11, and 
which enables the number of dots corresponding to every amplitude to be ascertained 
directly, and it is by this scale that the dots, crosses, or circles from Table XV. are put 
on the figure. 

When, as in the present paper, the speed is taken as twice the number of dots, and 
the unit length is one knot, the ratio of the two scales must clearly be such that if 

d =the number of divisions in the upper scale, 

D=the corresponding number on the lower scale, 

L = the length in knots, 

then „ 2 ^L a 

a —-35— 

Thus, taking a length of 1000 knots and a speed of 100 dots per minute, D=2x 10% 
d= 12‘6, and hence a=0T26 ; and the same value would be obtained whatever number 
of dots had been chosen. 

This may be looked on as the mean value of a determined from twenty observations, 
since this ratio of the scales brought all the various circles, crosses, and stars into the 
closest approximation with the curve. The values of a for any other length are 
inversely proportional to the square of the lengths. 

The algebraic headings of the different columns will allow them to be still further 
extended by those who may require to use the Table, as they virtually contain the 
equation of the curve. 
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XXXIX. The Lignites and Clays of Bovey Tracey , Devonshire. 

By William Pengelly, F.G.8. Communicated by Sir Charles Lyell, F.B.S. 

Received November 16, — Read November 21, 1861. 

The little town or village of Bovey Tracey, in Devonshire, nestles at the foot of Dart- 
moor, very near its north-eastern extremity ; it is situated on the left bank of the river 
Bovey, about two miles and a half above the point at which it falls into the Teign, and 
is about eleven miles from each of the towns Exeter, Torquay, and Totnes*, — bearing 
south-westerly from the first, north-westerly from the second, and northerly from the last. 

A considerable plain stretches away from it in a south-easterly direction, having a 
length of six miles from a point about a mile west of Bovey to another nearly as far 
east of Newton ; its greatest breadth, from Chudleigh Bridge on the north-east to Black- 
pool on the south-west, is four miles. It forms a lake-like expansion of the valleys of 
the Teign and Bovey rivers, especially the latter, whose course it may be said to follow 
in the higher part, where it is most fully developed ; whilst the Teign constitutes its axis 
below the junction of the two streams. Its upper, or north-western portion, immediately 
adjacent to the village, is known as “ Bovey Heathficld,” and measures about 700 acres. 

On its west and north-west, rise the lofty granite hills of Dartmoor, with their border 
of metamorphic rocks ; on the north, the trappean elevations of Hennock ; on the north- 
east and east, the Greensands of the Haldons, and the traps and limestones of the 
Chudleigh and Kingsteignton districts; and on the south, the traps, Devonian lime- 
stones, and associated rocks extending from Newton towards Ashburton f. 

Contrasted with this rugged and elevated country, the so-called “ plain ” is not without 
some claim to the appellation, though by no means characterized by evenness of surface. 

Shafts and other excavations have shown that the deposits in this basin consist of an 
accumulation of coarse gravel (mixed with sand and clay), of variable thickness, uncon- 
formably covering distinct strata of lignite, clay, and sand, which are familiar to geologists 
as the “Bovey deposit,” whilst the lignite is equally well known as “Bovey coal.” 

This deposit not only occupies the plain which has been described, but is continued, 
in a narrow southerly prolongation, from Newton to near Kingskerswill, about three 
and a half miles from Torbay. This entire prolongation is a divergence from the Teign. 
Where it crosses the estuary of that river it is about four miles from the coast. 

The most important of the excavations is that known as the “ Coal-pit,” which is 
situated on the Heathfield, somewhat less than a mile south of the village, and about 
the same distance from the western margin of the deposit. It is open to the day, and 

* The distances throughout are measured in straight lines on the Ordnance Maps, 
t See Map, Plate LU. 
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is, in form, a rude parallelogram, having its longest side, about 960 feet, in the direction 
from S. 75° E. to N. 75° W., whilst the shortest measures 340 feet, and has a bearing of 
N. 35° E. to S. 35° W.* Its greatest depth, at the western end, is nearly 100 feet. 

Subterranean excavations have been carried on very extensively, in various directions, 
by means of tunnels opening out of the pit at its bottom. At present the working is 
confined to one tunnel, extending 190 fathoms, almost in a straight line, in the direction 
N. 65° W. from the western end of the pit. 

The lignite was formerly used in large quantities in an adjoining pottery ; at present 
but little is employed there, and its use is almost entirely confined to the poorer cot- 
tagers of the immediate district. A very Qffensive sulphurous smell, which it emits 
during combustion, prevents its general domestic use. 

The refuse matter, consisting of clay and waste or valueless lignite, is lodged on the 
surface around the pit. Iron-pyrites occurs in it in considerable quantities ; and spon- 
taneous combustion is common in frerii refuse, especially after much rain. The fire is 
not generally visible near the surface in the day-time, but its presence is indicated by 
smoke and the very offensive odour previously mentioned. Cracks, having their sides 
lined with flowers of sulphur, cross the burning mass in various directions. Occasion- 
ally, crystals of sulphate of alumina are also formed. 

The attention of both the scientific and the commercial world has long been called to 
this deposit ; several accounts of it have been laid before various learned societies, and 
otherwise given to the world j*. Many of these, besides descriptions of the characters 

* The bearings are in all cases magnetic when expressed, as above, with an appearance of numerical 
exactness. 

f The following is a list of the principal writers on tho Bovey beds : — 

Rev. Dr. Jeremiah Mtlles, in the Philosophical Transactions, vol. li. Part II. p. 534, Ac., in 1760. 

Mr. Kirwax, in his ‘ Elements of Mineralogy,’ vol. ii. p. 00, Ac., published in 1794. 

Dr. Maton, in his ‘ Observations on the Western Counties of England,’ made in tho years 1794 and 1790, 
vol. i. p. 100, &c. 

Mr. Hatchett, in the Transactions of the Linnean Society, vol. iv. p. 129, Ac., in 1797. 

Mr. Brice, in his ‘ History and Description, Ancient and Modern, of the City of Exeter,’ p. 141, Ac., 
published in 1802. 

Mr. Parkinson and Mr. Scammell, in Parkinson’s * Organic Remains,* vol. i. p. 104, Ac., in 1804. 

Mr. Hatchett, in the Philosophical Transactions, vol. for 1801, Part I. p. 390, Ac. 

Mr. Vancouver, in his ‘ Agriculture of the County of Dovon,’ p. 70, Ac., published in 1808. 

Dr. .T. M c €ulloch, in the Transactions of the Geological Society, 1st Series, vol. ii. p. 1, Ac., in 1814. 

Rev. D. Lysons, in ‘Magna Britannica,’ vol. vi., “Devonshire,” p. eexlix, published in 1822. 

Rev. W. D. Conybeare and Mr. W. PniLLips, in the ‘ Outlines of the Geology of England and Wales,’ 
pp. 328 and 304, published in 1822. 

Mr. Kingston, in the ‘ Teignmouth Guide,’ vol. ii., published about 1832 or 1833. 

Mr. Go owin'- Austen, in the Transactions of tho Geological Society, 2nd Series, vol. vi. part 2, p. 439, 
Ac., in 1834, and subsequently. 

Sir H. De la BEcnE, in his ‘ Report of Cornwall, Devon, Ac.’ pp. 248, 265, 515, Ac., in 1889. 

Mr. E. Vaux, in Quart. Journ. Chem. Soc., London, vol. i. p. 318, Ac., in 1849. 

Dr. Hooker, in Quart. Journ. Geol. Soc. vol. xi. p. 566, Ac., in 1855. 

Dr. Croker, in Quart. Journ. Geol. Soc. vol. xii. p. 854, in 1866. 
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and arrangement of the strata, contain speculations and discussions on various topics, 
especially the mineral or vegetable origin of the lignite, the mode in which the mate- 
rials of the deposit were accumulated, and the place of the formation in the chronolo- 
gical series of the geologist. These may be said to have resulted in a settled conviction 
that the lignite is of vegetable origin, that the clays and sands had been furnished by 
the disintegration of the Dartmoor granite, and that the whole is of supracretaceous 
age — and a general belief that the plants had not grown on, but had been transported 
to, the area they now occupy. The exact chronology of the formation was by no means 
agreed on, further than that there seemed to be a prevalent but vague opinion that, 
geologically speaking, it was very modem.. The only definite expression that had been 
given on the question was the provisional one that the deposit belonged to the Post- 
pliocene epoch ; this was based on a cone said to have been found in one of the upper- 
most beds of lignite, and which was identified by Dr. Hooker as belonging to the Scotch 
fir ( Firms sylvestris) *. This and some small seed-vessels, described by Dr. IIooker under 
the name of Folliculites minutulus , were the only identifiable fossils which, prior to the 
late explorations, had been found at Bovey. Indeed, so recently as 1839, Sir II. De la 
Beciie stated that, “ excepting the lignite itself, no organic remains had been found in 
the deposit ”f. Many geologists, however, were unwilling to accept this chronology as 
conclusive, nor were they without hopes that, on a careful and thorough examination 
being made, the beds might be found to contain fuller and more reliable evidence on 
the question. 

During the spring of 1860, Dr. Falconer made several visits to Bovey and various 
localities in its neighbourhood where clay- works were, or had been, carried on. The 
result was a strong impression that the deposit would be found to belong to the Miocene 
period. In one of these visits he was accompanied by the Ilev. 11. Everest, F.G.S., and 
in another by Sir C. Lyell, when they had an opportunity of examining the large 
collection of specimens of the lignite made by the late Dr. Croker. Soon afterwards 
Dr. Falconer introduced the subject to Miss Burdett Coutts as one which, for the 
credit of British geology, it was eminently desirable to have very fully investigated. After 
a visit to the Bovey “ Coal-pit,” Miss Coutts, with characteristic liberality, furnished 
me with means to undertake the work. I received the most prompt and cordial co-ope- 
ration from the proprietor, John Divett, Esq., and was so fortunate as to secure the 
services of Mr. H. Keeping, the well-known fossil-collector, of the Isle of Wight. 

The lignite-beds, having suffered less from the weather than the interstratified clays 
and sand, stand out in relief, like a series of rude mouldings, on the wall of the pit, 
especially on its southern side ; so that it is not difficult to make out, in a rough way, 
the succession of the beds. Nevertheless the clay and sand have been so much washed 
over the surface of the wall that it is impossible to do more than this ; hence it was 
decided to make a fresh section — in fact, to cut a series of s^ps, on a large scale, by 
which to descend the face of the artificial cliff from top to bottom, and thereby accom- 
plish the double work of collecting fossils and disclosing the geology of the deposit. 

• Quart. Joum. Geol. Soo. vol. xi. p. 566, &c. t Report of Cornwall, Devon, &c., p. 257. 
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As we descended, the thickness of each bed and the amount and direction of its dip 
were carefully measured ; a sample, and when necessary more than one, of every bed 
was taken, each in a separate box, and every important fact, as to the character of the 
bed and the occurrence or not of fossils in it, was carefully noted. The mean of the 
several measurements, all very near the average, gave a dip of 12£° towards S. 36° W. 
(magn.). 

The results of this systematic exploration are exhibited below. 

Section 1, of the Bovey Deposit , in the south wall of the “ Coal-pit ,” near its western end. 

Dip 12^° towards S. 35° W. (magn.). 

Beds. Thickness. Totals. 


1 

ft. 

i 

in. 

6 

ft. 

7 

in. 

6 

Sandy Clay. — C ontains a largo number of angular and subangular stones, 
without anything like regularity in their arrangement. This is locally 
termed “ Too Hoad.” The upper two inches is a peaty soil, also containing 
stones. 

2 

2 

6 

10 

0 

Clay. — P lastic. Contains a few fragments of lignite. Tho uppermost four 
and the lowest two inches are of a buff colour; the middle band dark, 
approaching to black. 

3 

6 

3 

16 

3 

Sand. — Q uartzose, with a ferruginous clay at the baso. 

4 

2 

9 

19 

0 

Clay. — T he uppermost ten inches more or less dark, sometimes approaching 
to black, in colour. 

5 


7 

19 

/ 

Lignite. — W oody and brittle. 

6 


11 

20 

6 

Clay. — V ery dark. Contains much broken lignito. 

7 

1 

3 

21 

9 

Lignite. — In some places woody, in others a mass of Sequoia Couttsue, Heek, 
and fern debris. 

8 


5 

22 

2 

Clay. — D ark. Some broken lignite. Graduates into sand at the base. 

9 

2 

0 

24 

2 

Sand. 

10 

2 

0 

26 

2 

Clay. — T ough. Light lead-colour. Contains lenticular patches of sand, 
and, at tho base, much fragmentary lignito. 

11 


8 

26 

10 

Sand. — S ometimes ferruginous; in some cases cemented into a coarso grit or 
very fine conglomerate. 

12 

2 

6 

29 

4 

Clay. — L ight lead-colour in the upper part, darker towards the base. Con- 
tains fragments of lignito. 

13 

1 

0 

30 

4 

Lignite. — W oody, loose, very brittle. The bed ill-defined, graduating into 
clay at each surface. 

14 

2 

9 

33 

1 

Clay. — S andy and brittle. Contains a few fragments of lignito near tho 
base. The uppermost and lowest parts of tho bod are dark, tho middle 
lighter, in colour. 

15 


7 

33 

8 

Lignite. — W oody, loose, and brittle. 

16 

4 

0 

37 

8 

• 

Clay. — R ather light in colour towards the top. Contains two bonds of 
almost continuous broken lignito, one twelve, tho other thirty inches above 
the base, the uppermost being tho least persistent. Tho clay is not lami- 
nated ; it breaks into irregular-shaped fragments, genor^ly quite angular 
and with plane faces. 

17 

1 

5 

39 

1 

Lionite. — T he lowest part of this bed abounds, in some placos, with dicoty- 
ledonous leaves ; whore they do not occur, the lignite is very woody. 

18 

2 

9 

41 

10 

Clay. — Not laminated. Light in colour. Contains fragments of lignite. 



CLAYS OF BOYEY ♦TRACEY, DEVONSHIRE. 1023 


Beds. 

Thickness. 

Totals, 


19 

a 

2 

in. 

1 

ft. 

43 

in. 

11 

Lignite. — C ontains much clay in almost continuous bands. 

20 

1 

2 

45 

1 

Clay. — L aminated. Brittle. Rich in fragments of lignite. 

21 

3 

4 

48 

5 

Lignite. — H ard. Brittle. Broken. Contains a few seeds. 

22 

2 

0 

50 

5 

Clay. — D ark. Rather brittle. Coarsely laminated. 

23 

1 

0 

51 

5 

Lignite. — C ontains much clay. 

24 

1 

0 

52 

5 

Clay. — D ark. Brittle. Contains a few portions of lignite. 

25 

6 

2 

58 

7 

Lignite. — C ontains patches of dark clay. Seeds, flat in form, occur in tho 

26 

2 

1 

60 

8 

uppermost portion. The baso is commonly a mass of largo leaf-like forms 
and fronds of ferns; tho former are Dr. Ckoker’s “ fiabollifonn loaves”*. 
Clay. — L ight drab colour. Extremely rich in fossil stems, leaves, and fruits 

27 

11 

1 

71 

9 

of Sequoia Couttsice, seeds of various kinds, and dicotyledonous loaves. 
An almost continuous band of broken lignite occurs at the baso of tho bed. 
Sand. — Q uartzoso. Very coarse in the uppermost part, but becomes gradu- 

28 

5 

9 

77 

6 

ally finer towards the base. Contains somewhat large lenticular patches 
of clay. Ferruginous stains and bands arc common. 

Clay. — L ight colour. Near the top it is somewhat sandy. 

29 

3 

2 

80 

8 

Clay. — D ark. Contains a considerable number of fragments of lignite. 

30 

1 

0 

81 

8 

Lignite. — R ather brittle. Not very woody. Contains ferns. 

31 


8 

82 

4 

Clay. — V ery dark. Some broken lignite. 

32 


11 

83 

3 

Lignite. Very woody, tough, and extremely hard. 

33 

2 

2 

85 

5 

Clay. — D ark lead-colour. Contains broken lignite. 

34 


10 

86 

3 

Lignite. — V ery woody and rather tough. Contains seeds. 

35 

2 

2 

88 

5 

Clay. — D ark lead-colour. Contains pieces of lignite lying at all angles to 

36 


1 

88 

6 

tho plane of tho bod. 

Lignite. 

37 

1 

11 

90 

5 

Clay.- —Very dark lead-colour. Very brittle. Rich in pieces of lignite ; tho 

38 


4 

90 

9 

thickness of the bed somewhat variable. 

Lignite. — W oody, and rather tough. 

39 


10 

91 

7 

Clay. — R eadily falls into fragments, which generally havo plane, but some- 

40 

1 

0 

92 

7 

times curved surfaces. Contains pieces of lignite. 

Lignite. — T his bed is very uniform in thickness, and woll-defined at each 

• 

41 

1 

6 

94 

1 

surface. Very compact and rather tough. Contains a few seeds. One 
specimen of Sequoia Couttsuv was found here. 

Clay. — D ark. So brittle as to fall in pieces at tho loast touch. Contains 

42 


9 

94 

10 

pieces of lignite. 

Lignite. — E xtremely brittle. The bed is somewhat irregular in thickness 

43 


9 

95 

7 

and obscure in definition. 

Clay. — L ead-colour. 0 

44 


6 

96 

1 

Lignite. — I rregular in thickness. Occasionally intersected by veins of clay, 

45 


7 

96 

8 

commonly at right angles to tho piano of the bed. 

Clay. — D ark. Fragments of lignite very abundant. 

46 


9 

97 

5 

Lignite. — V ery compact and tough. Abounds in seeds. 

47 

1 

4 

98 

9 

Clay. — D ull lead-colour in the upper part, changing into a darker hue 

48 


7 

99 

4 

towards tho base ; the upper band is tougher than tho lower ; the latter 
contains many pieces of lignite. 

Lignite. — C ompact. Contains seeds, and a few young circinate fern-fronds. 


* Quart. Journ. Q-eol. Soc. vol. xii. p. 854. 
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Bods. 

Thickness. 

Totals. 


49 


in. 

10 

ft. 

100 

in. 

2 

Clay. — Rather light lead-colour. Somewhat tough. Contains pieces of 

50 

i 

0 

101 

2 

lignite smaller than usual. 

Lignite. — Compact. Very tough. Yields largo slabs of “ Board Coal”*. 

51 


9 

101 

11 

Clay. — Very dark. Contains a fow pieces of lignite. 

52 


3 

102 

2 

Lignite. — Loose and soft. 

53 


7 

102 

9 

Clay. — B rown. Pieces of lignite abundant in the upper part, less so towards 

54 

2 

3 

105 

0 

tho base. 

Lignite. — Compact, tough, woody. Yields largo slabs of “Board Coal” 

55 


10 

105 

10 

having a mottled appearance. Contains a few seeds. 

Clay. — V ery dark blue. Of resinous aspect. Contained a pieco of lignito 

56 

3 

2 

109 

0 

six feet long and two inches broad ; smaller fragments rather numerous. 
Lignite. — Very woody. Frequently has a “ charred” appearance. 

57 


5 

109 

5 

Clay. — B lue. Brittle. 

58 

1 

8 

111 

1 

Lignite. — Woody, “charred” and mottled. Contains a few seeds; nono 

59 


4 

111 

5 

occur where the lignito appears “ charred.” 

Clay. — S omo parts bluo, others dark drab. 

GO 

1 

8 

113 

1 

Lignite. — Woody, hard, brittle. Has a fracture resembling that of ordinary 

61 


4 

113 

5 

coal. Contains seeds. 

Clay. — B lue and dark drab. 

62 

2 

4 

115 

9 

Lignite. — This bed consists of two bands: tho upper, nino inches thick, 


breaks into irregularly shaped “glassy” pieces; the lower is very hard, 
light-brown, less heavy thun the lignite usually is, brittle, woody, and has 
a fracturo resembling that of ordinary coal. This band contains seeds, 
nono of which appear in the upper. Tho bands graduuto into one another 
through a thin layer of “ charred” lignite. 


63 


6 

110 

3 

Clay. — Light lead-colour. Contains seeds, probably moro than ono species. 
One stem of Sequoia Couttsice was.found here. 

64 

1 

3 

117 

6 

Lignite. — Very hard and compact ; not quite so tough as somo of tho bods 
above it, but by no means brittle; possesses traces of the “charred” 
character. 

65 


3 

117 

9 

Clay. — Lead-colour. Resinous in aspect. Contains numerous pieces of 
lignite. 

66 

1 

4 

119 

1 

Lignite. — In all respects like the 64th bed. 

67 


2 

119 

3 

Clay. — Resinous appearance. 

68 

1 

4 

120 

7 

Liqnite. — In all respects like tho 64th and 66tli beds. 

69 


2 

120 

9 

Clay. — Very brittle, laminated, and resinous in aspect. 

70 


3 

121 

0 

Lignite. 

71 


1 

121 

1 

Clay. 

72 

4 

0 

125 

1 

Lignite. — Termed by tho workmon the “ Last Bcd”f. 


In order to ascertain whether the succession and characters of the beds are the same 
in other parts of the pit, two other sections were made, also in the southern wall, one 
about 460, and the other 680 feet eastward from the first. The results are given 
below. 

* So named from having an appearance resembling “ deal boards.” 
t This section is exhibited in Plate LIH. 
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Section 2, of the Bovey Deposit , in the south wall of the “ Coalpit ,” 460 feet eastward 
from Section 1. Dip 12£° towards S. 35° W. (: magn .). 


Beds. 

Thickness. 

Totals. 

* 

1 

a. 

6 

in. 

2 

ft, 

0 

in. 

2 

Sandy Clay. — With angular and subangular stones ; tho upper six inches 

2 

4 

10 

11 

0 

peaty soil, in which tho stones also occur. 

Clay. — C ontains some fragments of lignite. 

3 

7 

10 

18 

10 

Sand. — Q uartzoso and ferruginous. 

4 

10 

5 

29 

3 

Clay. — I n sorno parts sandy and of a huff colour, in others dark with vege- 

5 


9 

30 

0 

table debris. Much fragmentary lignite. 

Lignite. — W oody and brittle. 

6 

1 

7 

31 

7 

Clay. — D ull lead-colour. 

7 

1 

5 

33 

0 

Lignite. — A matted mass of debris of Sequoia Couttsiee and ferns. 

8 

Q 

2 

0 

35 

0 

Clay. — L ight drab, ltoughly laminated. Contains broken lignite. 

<7 

10 

11 

12 

1 

3 

36 

1 

J 

3 

Do not occur in this section. 

Clay. — I n some parts black with vegetable matter, in others light drab ; the 

13 


4 

36 

i 

former most prevalent. 

Lignite. — M uch broken. 

14 

2 

1 

33 

8 

Clay. — L ight drab. Much broken lignito near the top. 

15 


6 

39 

-> 

Lignite. — M ore compact than in tho higher beds. 

16 

2 

2 

41 

4 

Clay. — D ull lead-colour. Somewhat resinous aspect. Brokon into fragments 

17 

1 

0 

42 

4 

having more or less curved surfaces. 

Lignite. — C ontains dicotyledonous leaves. 

18 

1 

9 

44 

1 

Clay. — Dark drab colour. Much broken into angular fragments. Contains 

19 

1 

2 

45 

3 

pieces of lignito. 

Lignite. — Contains a considerable quantity of clay, in almost continuous 

20 

1 

2 

46 

5 

bands. 

Clay. — Rich in fragments of lignito. 

21 

2 

5 

48 

10 

Ligni tk. — Compact. 

22 

1 

3 

50 

1 

Clay. — D ull drab colour. 

23 


10 

50 

11 

Lignite. — M uch broken; the fragments having well-defined clay-staified 

24 


9 

51 

8 

surfaces. 

Clay. — L ight drab. Broken. Resinous in aspect. 

25 

5 

10 

57 

6 

Lignite. — Contains patches of clay. Ferns and tho so-called “ fiabelliform 

26 

3 

6 

61 

0 

leaves” occur near the baso. 

Clay. — Light drab. Rich in stems, loaves, and fruits of Sequoia Couttsias. 

27 

1 

7 

62 

7 

Sand. — Quartzose and ferruginous. Contains lenticular patches of day. 

28 


6 

63 

1 

Clay. — Light colour. 

29 

3 

9 

66 

10 

Clay. — Dark colour. 


The nature of the ground prevented the second and third sections being satisfactorily 
continued below the 29th bed. There is reason to believe, however, that the still lower 
beds are uniform in character and order throughout the pit. 

In the third section the materials comprising the various beds will be named without 
remark, since those which agree numerically agree very closely geologically. 
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Section 3, of the Bovey Deposit, in the south wall of the “ Coalpit ,” 680 feet eastward from 
Section 1, and 220 feet from Section 2. Dip 12-|-° towards S. 35° W. ( magn .). 


Beds. 

Thickness. 

Totals. 



a. 

in. 

ft. 

in. 


1 

10 

9 

10 

9 

Sandy Clay. — With angular and subangular stones. 

2 

1 

0 

11 

9 

Clay. 

3 

12 

6 

24 

3 

Sand. 

4 

2 

0 

26 

3 

Clay. 

5 


6 

26 

9 

Lignite. 

6 

1 

0 

27 

9 

Clay. 

7 

1 

9 

29 

6 

Lignite. 

8 





I 

9 





|>Do not occur in this section. 

10 






11 




J 


12 

1 

8 

31 

2 

Clay. 

13 


10 

32 

0 

Lignite. 

14 

2 

4 

34 

4 

Clay. 

15 

1 

4 

35 

8 

Lionite. 

16 

3 

0 

38 

8 

Clay. 

17 

2 

0 

40 

8 

Lignite. 

18 

2 

0 

42 

8 

Clay. 

19 

2 

0 

44 

8 

Lignite. 

20 


6 

45 

2 

Clay. 

21 

3 

1 

48 

3 

Lignite. 

= 22 

1 

0 

49 

3 

Clay. 

23 


11 

50 

2 

Lignite. 

24 


6 

50 

8 i 

Clay. 

25 

5 

3 

55 

11 Lignite. 

26 

3 

2 

59 

1 Clay. 

27 


10 

59 

11 Sand. 

28 


7 

60 

6 Clay. 

*29 

3 

2 

63 

8 Clay. 


On comparison, it will be found that the 9th, 10th, and 11th beds of Section 1 — the 
first and last being sand and the second clay — do not occur in either of the other two 
sections, and that in Section 3 another clay-bed is also missing. This last is supposed 
to be the 8th, but it would probably be difficult to determine between it and the 12th. 
It is possible, moreover, that the bed numbered 12 in the third may represent both the 
8th and 12th of the two other sections. The same numbering has been retained in all 
the sections to facilitate comparison. 

The total thickness of the missing beds amounts to no more than about 5 feet ; the 
fact, however, that they are not present may be significant. It amounts to this : by 
removing 460 feet further into the ancient Bovey lake (for such I assume the area to 
have been)-— 460 feet further from its ancient shore, that shore being the granitic region 
of Dartmoor, — we leave behind two thin beds of sand, which do not reappear when we 
advance 220 feet further in the same direction. 
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Eliminating these beds, we have no sand in the series below the uppermost bed of 
lignite (No. 5) excepting No. 27, which occurs in all the sections, and, indeed, consti- 
tutes a marked feature in the deposit as exposed at the “Coal-pit.” It is 133 inches 
thick in the first section, no more than 19 in the second, and dwindles to 10 inches only 
in the third; but no bed is more continuous or better marked: its comparatively 
bright colour catches the eye, and indicates its presence along the entire length of the 
excavation. It attains a still greater thickness in the western wall of the pit. Between 
the first and third sections it forms an inclined plane 680 feet long and 123 inches high ; 
or base : height =8160 : 123=rad : tan 52' ; so that, great as the attenuation is, it merely 
produces a gradient of 1 in about 66, or an inclination of less than one degree. 

The sections show that a similar eastward diminution of thickness characterizes the 
28th bed. 

This attenuation, like the thinning out of the beds previously mentioned, (which, it 
may not be out of place to remark, is in the direction of the Strike of the deposit,) is 
probably an indication, were one needed, that the detrital layers were formed at the 
expense of the Dartmoor granite. 

The sections agree in naturally dividing themselves into three parts or series, viz. — 

1st. The bed No. 1, of Sandy Clay, containing angular and subangular stones. 

No stones of any kind were met with below this. 

2nd. The beds from the 2nd to the 27th, both inclusive, composed of sand, clay, and 
lignite. 

3rd. All the beds below the 27th, consisting of clay and lignite only*. « 

It appears that that portion of the age of the deposit, which is represented by the 
first (that is, lowest) forty-five beds was unmarked by the deposition of sand within that 
area. Forty-four beds of lignite and clay, having an aggregate thickness of upwards of 
47 feet, succeed each other alternately in regular unbroken order ; the next bed, how- 
ever (28th in the sections), instead of being a mass of vegetable matter, as was due, is a- 
second bed of clay, and, in the first section, of unequalled thickness ; this is followed l>y 
a thick bed of sand, the first which presented itself. Clearly some change must have 
occurred. Had the accumulated deposit so far shallowed the waters of the ancient 
lake 1 Had it conveyed its western margin so far eastward, that sand was to be hence- 
forward deposited in the area hitherto appropriated to clay, instead of further west as 
heretofore % If so, it might have been expected that the change would have been less 
sudden. No sand whatever had previously occurred. Moreover, on this hypothesis it 
is reasonable to suppose that sand would have been largely deposited in future, instead 
of which the old order (of clay and lignite alternately) is continued for eighteen, addi- 
tional beds, increasing the depth of the deposit by nearly 40 feet ; indeed, omitting the 
two arenaceous beds (9th and 11th) which occur only in the first section, we have no 
more sand until the uppermost bed of lignite in the sections had been formed. In no 
instance does the lignite rest on or support sand, but always clay. 

• See Plate LIU. 

7 A 
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Almost all the clay-beds contain fragments of lignite, which are commonly, at least 
approximately, parallel to the plane of stratification. One or two exceptions to this 
were met with, the most marked being that of the 35th bed, where they occur at all 
angles to that plane. 

Though when first dug the clay is not generally characterized by lamination, expo- 
sure to the atmosphere, in most cases, developes this quality. 

Fossils were found in only fifteen of the beds, namely, one of clay and four of lignite 
in the second series, and one of the former and nine of the latter in the third or lowest. 
It is only necessary to particularize the 7th, 25th, 26th, and 46th beds. 

The 7th is chiefly remarkable as being a mat composed of fragments of the coniferous 
tree Sequoia Couttsice, Heer, and of the fern Pecopteris lignitum , Gieb. 

The 25th is that in which the so-called “ flabelliform leaves” chiefly occur ; a few were 
also met with in the 17th bed. Professor Heer has identified them as the rhizomes of 
ferns. Some of them were fully 5 feet in length, but too brittle to be got out entire. 
In most cases the large specimens have a curved outline. The lowest three inches of the 
bed is commonly a mat of fragmentary fronds of the ferns Pecopteris lignitum and 
Lastrea stiriaca , Uxo., — the first being the most prevalent. Above this lie the rhizomes, 
in a continuous band about 6 inches thick. Though these bands generally preserve a 
well-marked separation, they sometimes inosculate, but never so as to show whether 
the fossils were parts of the same plant. The uppermost portion of the bed consists 
of slabs of “ board coal ” of great length, and of a width indicating the existence of trees 
(probably Sequoia Couttsice) fully 6 feet in diameter. Bodies occur in this bed having 
the appearance of roots, with rootlets passing into the clay below. Mr. Keeping 
reported one such “root” having a part of the shun of a tree still attached to it, the latter 
being almost perpendicular to the plane of stratification. The lignite in this stratum 
not unfrequently presents a fretted aspect, as if from some kind of corrosive action ; in 
these cases it is crossed by cracks or fissures of variable width, having rugged walls, 
and filled with yellow ochre. 

The 26th is the most important bed in the series, being rich in both the number and 
the variety of its fossils. The lowest six inches contain a large number of dicotyledonous 
leaves, most of them crushed and valueless ; occasionally, however, nests or patches of 
such leaves occur in a better condition. A few twigs of Sequoia Couttsice are also found 
in this lowest band ; whilst quite at its base are numerous branches of the same plant, 
measuring in some instances 3 feet in length and from a quarter of an inch to 4 inches 
wide. In most cases the large specimens are extremely brittle. 

The next fifteen inches constitute a middle band, containing some Sequoia-A6hrin and 
a considerable number of crushed leaves, the latter suggesting the idea that they had 
been deposited on a very uneven surface. A thin layer of “charred” lignite, several 
feet in length, was found in the middle of this band. 

The remaining part of the bed (the uppermost four inches) abounds in seeds of various 
kinds ; but it is chiefly marked by remains of Sequoia. It is not too much to say that 
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every museum in the world might readily be supplied with thousands of specimens of 
this plant from this band. It is represented by branches, twigs covered with leaves, 
fruits (sometimes, but more frequently not, attached to the twigs), and seeds. A few 
dicotyledonous leaves occur here also. 

Though most abundant in this bed, the Sequoia occurs also in the 7th, 40th, and 63rd 
— that is, the highest and lowest beds which have yielded fossils. The Bovey deposit 
evidently represents but one flora. 

The 46th bed yielded a very large number of small seed-vessels ( Carpolithes nitens, 
Heer), which, like those described by Dr. Hooker, in 1855, under the name of Folliculites 
minutulus , but which Professor IIeer has identified as Carpolithes Websteri, Br., are 
“ thickly strewed over the surfaces of the lamime of lignite, and slightly imbedded in 
them as if the latter had been soft when the deposit was formed. They lie in all 
directions, but always on their flat surfaces”*. They are by no means confined to this 
bed, though more abundant in it than elsewhere. 

Nothing resembling the cone of Pinus sylvestris , described by Dr. Hooker, was found 
during our exploration. But for its complete “ carbonization and bituminization,” I 
should believe that it belonged to a neighbouring bog, mentioned by several writers, 
“ from which have been taken, several feet below the surface, many trees of the fir kind ; 
several 18 inches in diameter, together with pine-nuts, but no coal”*f\ 

In some of the lower beds, close-fitting joints not unfrequently occur in the lignite, 
the surfaces of which (rarely planes) have a high polish : the workmen call such pieces 
“ glassy and the term aptly expresses the character. They also call them “ slides,” 
believing them to be “ Slickensides.” There do not appear to be any “faults” in the 
beds at the pit. 

It has already been stated that the lignite often has a “charred” appearance; and 
indeed it is somewhat difficult to believe that it has not ignited spontaneously ; nor are 
we without facts which give some support to this opinion. It is well ascertained that 
the combustion so prevalent in the heaps of refuse is spontaneous, and the lignite beefs 
are sometimes found to be on fire in the tunnels or “ ends.” Mr. Divett, writing me 
on this question, says, “ Some ten or twelve years since, I found a fire raging in an ‘ end’ 
at the western extremity of the pit, which had been abandoned for some months. I 
enclosed the main western ‘end’ with a dam of timber and clay, in the hope of extin- 
guishing the fire, but only succeeded in checking it. This part of the pit was buried by 
a run of clay from the north for many years, and was excavated again about twelve 
months singe, when the fire was still burning. It is now again buried by ‘ run ’ sand. 

I have never doubted that this ignition was spontaneous.” Mr. Hatchett, however, who 
gave much attention to the chemistry of the lignite, was of opinion that there was no 
evidence of true combustion $. 

* Quart. Journ. Geol. Soc. vol. xi. p. 566. 

t Mr. Soammeel, in Pabkinsos’s ‘ Organic Remains,’ vol. i. Letter 12, p. 129. 

J Trans. Linn. Soc. vol. iv. p. 141, Ac. ; also Philosophical Transactions for 1804, Part I. p. 396, Ac. 
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Newly exposed surfaces of the laminse of the lignite are sometimes more or less 
covered with stellate crystals of selenite. Their beauty is very striking, and is enhanced 
by contrast with the dull dark surface on which they lie ; unfortunately it is by no 
means durable ; the stars first lose their brilliancy, after which many of them disappear 
altogether. 

Fragmentary pieces of lignite occasionally occur in the “ coal-beds” as well as in the 
clay ; some of them are perfectly flat slabs, of various sizes, having sides and ends as 
true and angular as if they had been something more than rough-hewn in a carpenter’s 
shop. Others have an appearance resembling stranded drift-wood; I found a well- 
marked piece of this character in the 72nd bed. 

The flattened form which the “board coal” commonly assumes is by no means con- 
fined to the lowest beds ; it is as characteristic of the 5 th, or uppermost, and of that 
portion of it which most nearly reaches the surface, as of any bed in the pit sections. 
As pressure must be regarded as essential to this flatness, though probably not its sole 
cause*, it seems impossible to avoid the conclusion that much of the superior portion 
of the deposit has been removed by denudation. It must n<Jt be supposed, however, that 
all samples of “ board coal,” taken from any one bed, are equally flattened. Examples 
occasionally present themselves, of portions of stems and branches, in which the original 
curvature of outline is not entirely obliterated — the transverse section distinctly showing 
the rings of annual growth converted into ellipses of great excentricity. Good instances 
of this have been met with in the lowest beds. 

The stones so abundant in the “ Head,” or uppermost division of the pit sections, are 
sufficient to show that it was formed under conditions dissimilar to those which produced 
the two lower series. Moreover, it lies unconformably on them. Nowhere in the 
excavation do the lignite and interstratified beds reach the surface ; they are. cut off at 
distances varying from 3 to 7 feet below it, as is shown in Plate LIII. 

It has already been stated that the stones of the “ Head ” are generally angular or 
subangular ; occasionally, however, some occur that are much rounded. They vary in 
size, from blocks upwards of a foot in mean diameter to pieces not larger than hazel- 
nuts. On Bovey Heathfield they are fragments of granite, metamorphic rock, car- 
bonaceous grit, and trap, with a very few of flint and chert. The two last increase in 
number eastward — that is, with increased proximity to the Cretaceous district, — and in 
some localities are even more abundant than other detritus. 

In no instance have I found or heard of limestone-fragments on the Bovey Heath- 
field. A transporting current from the north or north-north-east seems to be required to 
meet the facts of the case. Were it not for the samples of flint and chert, a movement 
from the west or north-west, or even south-west, might have supplied the materials. 
No agent progressing from any part of the compass between the north-east and south- 
west, through south, could have furnished the granite-blocks or failed to transport large 
quantities of limestone-debris. On the whole I incline to a transportation from a 
* See Hatchett in Philosophical Transactions for 1804, Part I. p 897. 



CLAYS OF BOYEY TRACEY, DEVONSHIRE. 1081 

northerly direction, rather east than west of true north,— that is, a current, or other 
agent, moving in a line nearly at right angles to that in which the sands and clays of the 
true Bovey beds travelled from Dartmoor — a fact, concurring with those previously 
mentioned, in favour of a great chronological interval between the “ Head ” and the 
deposit it covers. 

Nor are we without organic evidence of the lapse of time between these formations. 
During our exploration at Bovey, I had an opportunity of examining and measuring a 
section made by workmen digging clay, in the “ Head,” on the Heathfield, about a 
quarter of a mile east of the pit. The results were as below. 


teds. 

Thickness, 
ft. in. 

Section 4, of the “ Head ” at Bovey Heathfield. 

Totals, 
ft. in. 

1* 

6 

6 

Peat. 

2 

2 6 

3 0 

Sand. — Fine, white, quartzose. 

3 

3 0 

6 0 

Clay and Sand. — In separate masses, but not distinctly stratified. The clay 
more abundant than the sand. 

4 4 0 

5 unknown. 

10 0 

Clay. — Very white. 

Sandy Clay. — With angular and subangular stones. 


Some time afterward we found a considerable number of dicotyledonous leaves, lying 
in the white clay, nine feet below the surface of the plain, and immediately below them 
lay some large roots. Professor Heer assigns the leaves to a period much more modem 
than that represented by the lignite-beds, yet to one characterized by a “ colder climate 
than Devonshire has at the present day,” thus confirming Mr. Godwin-Austen’s opinion, 
that the “ Head” belongs Jo the “ period prior to the most recent change of climate ”f. 
The position of the leaves is indicated in fig. 1, which is drawn on the scale of 0*2 inch 
to 1 foot.' 

Fig. 1. 



* The beds in this seotion and in those which succeed, do not represent those which bear the same 
numerals in the pit sections, 
f Geol. Trans. 2nd Series, vol. vi. p. 437, Ac. 
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Though in the pit section No. 1 the 6th is the highest, and the 72nd the lowest 
bed of lignite, it would manifestly be unsafe to conclude that no higher or lower 
beds exist ; and indeed Mr. Divett, in a letter on this point, says, “ In a shaft sunk 
135 fathoms south of the pit” (i. e. in the direction of the dip of the beds) “I had, in 
99 feet sinking, some good beds of coal. When we ceased to sink we had, I believe, 
some six or seven fathoms between us and the top of the uppermost bed of lignite 
in your sections.” This estimate, as to the depth at which the “ 5th” bed would have 
been cut, is fully borne out by the dip of the beds and the distance of the shaft, if we 
assume that no “ fault” exists in the interval and the dip remains constant. On both 
these points we have direct confirmatory evidence for the distance of sixty-three fathoms 
south of the pit, as subterranean workings have been carried so far, “ by driving down 
the dip,” and show that the beds exist in unbroken continuity and uniform inclination ; 
that is, the beds have been followed to a depth of 80 feet below the bottom of the 
“ Coal-pit.” 

Though the workmen have named the 72nd the “last bed,” it is no more than an 
expression of the fact that it is the last or lowest they work. That there are still lower 
beds is certain, since Mr. Divett says, “ I sank a shaft about 13 feet” (below the bottom 
of the pit) “ and cut two tolerable beds of coal.” The workmen speak of still earlier and 
deeper borings, and state that thin layers, or “shells,” of lignite were found separated 
by thick beds of “muddy clay.” Omitting these traditions, however, we are now in 
possession of the following figures. The 72nd, or “last” bed is, at the western end of 
the pit, about 100 feet vertically below the surface of the plain; or, measured at right 
angles to the plane of stratification, we have, to the base of this bed, a thickness for the 
deposit of 125 feet*; the pit beds have been followed 80 feet lower, and lignite has 
been cut 13 feet below the so-called “last” bed; giving an aggregate of.,218 feet, 
inclusive of the “ Head,” or upwards of 35 fathoms for the true Bovey deposit ; exclusive 
of the beds mentioned by Mr. Divett as occurring in his shaft 135 fathoms south of the 
pit, and irrespective of the facts that the bottom has certainly not been reached, and that 
there are sufficient reasons for believing, as I shall now proceed to show, that denudation 
has swept away very much of the superior portion of the formation. 

Though no trace of a “ fault ” exists at the pit, one has been detected a short distance 
east of it. “ It runs,” says Mr. Divett, “ about N.E. and S.W., crossing close to the 
old engine-shaft ” (56 fathoms east of the pit). “ I drove towards it in many places, 
and always found the ‘coal’ fail and replaced by hard and wet ‘deady’ clay. At one 
place I drove further and cut into a bank of sand full of water, which ran into the shaft 
and ‘ starved ’ the pump for some time. I never got through the sand, and had great 
difficulty in keeping it out of the shaft. This was at about 80 feet from the surface. 
The section of the beds in the” (old engine-) “ shaft is identical with those in the pit.” 
The accompanying diagram (fig. 2) may serve to illustrate the foregoing facts. Let the 
surface of the paper represent a horizontal plane, on the level of the bottom of the coal- 

* See Sectiou 1, page 1024. 
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pit, at its eastern end, about 80 feet below the surface. Let A B be a portion of a 
tunnel, or “ working,” on that level, on the eastern side of the pit, running, about N.E. 

Fig. 2. 



and S.W., near and parallel to the plane of the “ fault*” C the old engine-shaft, 
56 fathoms east of the pit. D and F various places at which Mr. Divett drove hori- 
zontally from the eastern side of the tunnel. In doing so he “ always found the coal 
fail and replaced by hard and wet ‘ deady ’ clay at F he “ drove further, and cut into 
a bank of sand;” in fact he seems here to have cut through , but elsewhere into, a dyke 
composed of heterogeneous materials ; beyond which he encountered a bed of “ sand full 
of water doubtless the 13th bed in the following section (No. 6), which, it will be 
seen, exists at the required depth (“ 80 feet below the surface”*). 

Mr. Divett proceeds to say, “About 70 fathoms east of the shaft, I bored, in 1855, 
99 feet, when I obtained the following section.” 


Section 5. 70 fathoms east of the Fault on Bovey Heathfield (furnished by J. Divett, Esq. ). 


Beds. 

1 

Thickness, 
ft. in. 

13 0 

Totals, 
ft. in. 

13 0 

Gravels and Clays. — (“ Hoad.”) 

2 

ii 

0 

24 

0 

Sand. 

3 

4 

0 

28 

0 

Black Clay. 

4 

2 

0 

30 

0 

“ Deady Ground.” 

5 

6 

0 

36 

0 

Sand. 

6 

3 

6 

39 

0 

Clay. 

7 

4 

6 

44 

0 

Sand. 


* See Plate LIV. 
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Bads. 

8 

Thickneo*. 
it. in. 

8 0 

Total*, 
ft. in. 
52 0 

Clay. 

9 

13 

0 

65 

0 

Sand. 

10 

( 

0 

72 

0 

Clay. 

11 


2 

72 

2 

Coal. 

12 


10 

73 

0 

Clay. 

13 

11 

0 

84 

0 

Blttk Sand. 

14 

3 

0 

87 

0 

White Clay. 

15 


6 

87 

6 

Coaly Clay. 

16 

1 

6 

89 

0 

Sand. 

17 

10 

0 

99 

0 

Coaly Clay*. 


I learn from, the workmen, that the 13th bed of sand was “full of water,” like that 
encountered by Mr. Divett, and that it gave them great trouble by running into the 
boring whenever the instrument was withdrawn. 

The foregoing section is situated, from the first three, as nearly as possible in the 
direction of the Strike of the formation. It has a depth about the same as the pit 
at its western end, where a vertical line cuts 27 “ coal ” beds having an aggregate 
thickness of nearly 3G feet ; instead of the solitary layer of 2 inches only in the Table 
just given. Those beds are known to exist, in unbroken continuity, along the entire 
length of the western tunnel and the coal-pit, and onwards to the old engine-shaft, a 
distance of nearly half a mile ; here they suddenly cease and their place is supplied by a 
series of beds having the characteristics of the uppermost portion of the second division 
of the pit sections. The contrast of the two will be seen in Plate LIV. 

There can be no doubt tlrat these facts are evidence of a great fault ; that the beds 
on the east of it are an upper portion of the Bovey deposit, preserved, through the 
intervention of a vertical displacement of at least 100 feet, from the denuding action 
which swept it away on the west, after it had, by its pleasure, assisted to flatten the 
timber in the uppermost stratum of lignite at present existing there ; and that this denu- 
dation occurred before the deposition of the “ Head,” since this is found covering the 
deposit alike, without considerable variation in its thickness, on each side of the 
“fault.” It will be understood that it is by no means intended to intimate that this is 
the only fault in the Bovey formation; the occurrence of beds of lignite, near the 
surface, in various parts of the Heathfield, renders it probable that there is, at least, 
another. Nor is it meant to express the opinion that the “ Head ” itself may not have 
lost much by denudation ; so far as they are at present understood, certain facts seem 
to imply that it may have suffered much in this way. 

Though the neighbourhood of Bovey was necessarily regarded as the head-quarters 
of the formation, it was felt to be desirable that some attention should be given to 
certain other localities, in various parts of the basin, where clay-pits exist. 

The clay-works at Aller, in the parish of Abbotskerswill, adjacent to the road from 
Torquay to Newton, and about two miles from the latter, have been abandoned some 
years. Lignite seems to have been found there in considerable quantity. Samples of 

• This section is exhibited in Plate LIV. (eastern section). 
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it, shown me by one of the old workmen, displayed the common woody character so 
usual at Bovey, but no traces of leaves or other fossils. There appear to have been 
seven distinct beds of lignite alternating with as many of clay, the latter from 2 to 4 feet 
thick. Of the former, the lowest were the most compact, and were from 3 to 3^ feet in 
thickness, whilst the upper ones were thinner and contained a considerable admixture 
of clay. The whole were covered, unconformably, with gravel to the depth of 20 feet. 

Clay is largely dug at the Decoy, in the parish of Woolborough, about half a mile 
south-west of the Newton railway station. In an artificial dyke, or water-course, two 
beds of lignite, separated by a layer of black clay, are well exposed. The entire cutting 
is about 10 feet deep, the uppermost three feet being coarse gravel surmounted by a thin 
layer of peat. The larger stones in the gravel are commonly flint and chert, the smaller 
are partly, perhaps mainly, Dartmoor debris. Beneath this are the Bovey beds dipping 
towards north 80° East, at an angle of 60° at the top and 50° at the bottom, the 
beds having somewhat curved surfaces. The western, or lowest bed of lignite is 9 feet 
thick, the eastern 6 feet, and the intermediate clay about 5 feet ; the whole lies between 
clay similar to the interstratified bed. Further west, or still lower, is a valuable bed of 
“ pipeclay,” whilst on the eastern side is a good bed of the black, or “ potter’s clay.” 

Though we spent some days seeking fossils here, the cnly things found were two small 
bodies, probably seeds, and one undoubted twig, with leaves, of Sequoia Couttsice. The 
latter, though a very inferior specimen of this fossil, is valuable as a link of identifica- 
tion between the lignite of the Decoy and that of Bovey Tracey. 

Considerable quantities of both white and black clay are also excavated in the parish 
of Kingsteignton, about two miles north of Newton, very near the eastern margin of the 
deposit. I measured- the following section in one of Mr. Whiteway’s “black pits.” 





Section 6, of the Bovey Deposit near Kingsteignton . 

Beds. 

Thickness, 
ft. in. 

Totals, 
ft. in. 

* 

1 

15 

0 

15 

0 

“ Head,” consisting of angular and subangular flint, chert, and Dartmoor 
debris. 

2 

2 

8 

17 

8 

Clay. — Black. “ Not Saving.” 

3 

1 

6 

19 

2 

Clay with Ltonite. 

4 

4 

0 

23 

2 

Clay and Sand. — C ontains root-liko portions of lignito. 

5 

4 

0 

27 

2 

“ Siiovkl ” Sand. — Thickness variable. 

6 

8 

0 

35 

2 

Clay. — Bluck. “ Saving.” 

7 

3 

0 

38 

2 

Clay. — Black. “ Short.” Thickness variable. 

8 

12 

0 

50 

2 

“ Bottom ” Clay. — “ Saving.” 

9 

Thickness unknown. 

Sand. 


The workmen denominate the clay “Saving” or “Not Saving,” according as it has 
or has not a commercial value. Sand so loose as to be capable of removal by the use 
of a spade or shovel only, is termed “ Shovel ” Sand. Clay but slightly plastic is spoken 
of as “ Short ;” and “ Bottom ” Clay expresses the fact that no argillaceous deposit, 
having commercial value, is found below it. 

None of the workmen appear to have found or heard of anything in the shape of 
mdccclxii. 7 B 
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gravel at the base of the clay series *. Sometimes, but not frequently, small, well-rounded, 
smooth quartz pebbles, about the size of a common pea, occur in the best clay; and 
mundic is said to be not uncommon. 

The dip of the beds at this pit is about 8° towards N. 60° W. It is said to vary some- 
what both in amount and direction, but is generally less northerly than the above. As 
at the Decoy, the white clay underlies the black. 

Though lignite occurs here, it is less abundant than in either of the other areas which 
have been mentioned ; from the report of the workmen, however, it is occasionally found, 
especially in the pits more removed from the margin of the deposit, in larger bodies than 
in the section just given. Our search for fossils was altogether without success. 

At the suggestion of Dr. Falconer, and also of Sir Charles Lyell, it was decided to 
submit the collection of fossils, which we had made at Bovey, to Professor Heer of 
Zurich, in the hope that he would succeed in extracting from them their chronological 
secret. Accordingly, the necessary arrangements having been made by Sir Charles 
Lyell, I sent him all the drawings of the fossils, prepared by Mr. Fitch of Kew, together 
with a large and, so far as I could judge, characteristic series of the specimens them- 
selves, and in a short time had the gratification of learning that he had determined 
forty-five species of plants, of which forty-one were from the lignite series and four from 
the “ Head,” the former being decidedly of the lower miocene age, whilst the latter 
were much more modem. 

Though, when he subsequently reached this country, Professor Heer failed to detect, 
in the remainder (the bulk) of the collection, any species which he had not previously 
seen, he was more fortunate at Bovey ; where, in the few days he was able to devote to 
the deposit, he added nine new species of fossil plants to the list,* and, by the discovery 
of an insect, Buprestes Falconeri , detected the first evidence of animal life which has 
been exhumed there. 

From the decision just mentioned, it appears that the Bovey lignites are the contem- 
poraries of the “Hempstead Beds” in the Isle of Wight, first discovered by the late 
lamented Professor Edward Forbes in 1852, and described by him in the following 
year*!*. Though their discoverer always regarded them as Upper Eocene, they have 
recently been grouped amongst the Lower Miocene this, however, is a question of 
classification ; wherever they find a resting-place, the Bovey beds must accompany them, 
since they arc on, or very near, the same horizon. 

The ancient miocene lake of Devonshire which we have been considering, must have 
been of great depth ; the lowest figures mentioned in an earlier page give at least 
35 fathoms, whilst, if to this we add those obtained from the “ fault,” it amounts to 
fully 50 fathoms ; indeed the clay-workers assert that their borings sometimes amount 
to quite this depth. The present surface of the plain, however, is, at the pit, no more 

• Se5*Mr. Godwin- Austen, in Trans. Geol. Soc. 2nd Series, vol. vi. part 2, p. 448; also Sir H. Da la 
Beche, in his ‘ Eeport,’ p. 257. 

t Quart. Journ. Geol. Soc. vol. ix. p. 259, Ac. 

t Sir C. Lyell’ s * Supplement ’ to the fifth edition of his 1 Manual/ p. 6, Ac., 1857. 
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than 15 fathoms above the ordinary level of spring-tide high water, so that the bottom 
of the lake would be at least 35 fathoms below the level of the sea. Yet, says Professor 
Heeb, and apparently on unimpeachable data, “it was a fresh-water lake.” The 
country, then, must have stood at a much higher level than at present, or a barrier 
existed between the lake and the sea. Unless, however, there have been very local 
changes of level, the former hypothesis is disposed of by the fact that the Hempstead 
beds are of fluvio-marine origin, and must therefore have been formed at a level much 
below that which they at present occupy. A barrier, then, must have existed somewhere 
in the present tidal estuary of the Teign, over which the surplus waters of the lake passed 
to the ocean, or which, by its superior height, caused the waters to find an outlet in 
Torbay. J udging from the physical features of the two valleys leading from Newton to 
the English Channel, one by Tcignmouth and the other by Torquay, the former is far 
more likely than the latter to have been the course followed. 

The period represented by the Bovey beds must have been of considerable duration. 
So far as the strata themselves show, it was, in the district under consideration, one of 
great tranquillity. A long series of beds, alternately vegetable matter and fine clay, 
succeed each other in scarcely interrupted order ; the three intruded arenaceous layers 
probably mark nothing more than a somewhat increased velocity in the current, or river, 
which conveyed the detritus of the granite hills of Dartmoor into the area of deposition, 
but which, instead of being permanent, was as short-lived as it was unusual. 

The late investigations at Bovey, then, have been so far successful that they have settled 
the vexed question of the age of the deposits occurring there, — added forty-nine species 
to the fossil flora of this country, of which twenty-six are new to science, — recognized the 
first traces of animal life which the deposit has yielded, — detected another British frag- 
ment of the miocene page of the earth’s history, which, until 1857, was supposed to be 
totally unrepresented in England, — taken us back to a remote period when the slopes of 
Devonshire were clothed with a luxuriant subtropical vegetation, — and separated, by a 
wide chronological hiatus, the lignite and associated beds from the gravels overlying 
them — a hiatus evidenced by the dissimilarity and unconformability of the two series, 
by a change in the direction by which detrital matter reached the Bovey area, by great 
vertical displacements of the lower series, followed by denudation of the consequent 
surface-inequalities prior to the deposition of the upper, and by the exchange of an 
extinct flora, requiring a high temperature, for an existing one, which is now confined 
to arctic and alpine regions. 

Remote, however, as was the earliest of the two periods thus represented, the great 
leading geographical features of the district were pretty much as at present. The Teign 
and Bovey rivers were then in existence, but instead of the latter being tributary to the 
former, their mouths were three miles apart, and both fell into the same deep, sluggish, 
fresh-water lake ; occupying the site of the present Bovey plain, and guarded by Dart- 
moor and the other hills which still constitute the prominent characteristics* of the 
district. 
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Explanation op the Plates. 

PLATE LII. 

Is copied, with very slight alterations, from the twenty-sixth sheet of the Map 
published by the Geological Survey of Great Britain ; and, like the original, is on the 
scale of 1 inch to a mile. 

PLATE LIII. 

Is a section of the Bovey formation, in the plane of the Dip of the beds. It is drawn, 
from the measurements obtained in the “ first section,” given in the text (see p. 1022, &c.), 
on the scale of T ^, or 1 inch to 14 feet. The Dip amounts to 12£°, and is in the direction 
S. 35° W. magnetic. The beds in which fossils were found are those the numbers of 
which are placed opposite them in the margins. 

PLATE LIV. 

Contains two sections of the formation, in the plane of the Strike of the beds, and is 
intended to show the nature of the evidence for the existence of the “ Fault .” The scale 
of thickness, in each, is y|o, or 1 inch to 10 feet ; and the total depth below the surface 
is 99 feet. 

The symbols have the same meaning in both. 
a is the “old engine-shaft.” 

b. The eastern end of the “ Coal-pit 56 fathoms west of a. 

c. Mr. Divett’s “boring;” 70 fathoms east of a. 

’ d , 80 feet below the surface, is a horizontal excavation very near the engine-shaft, 
and opening eastward out of a “ working” which runs parallel and adjacent 
to the “ Fault ” (see fig. 2). 
ef is the hypothetical plane of the “ Fault.” 

With the omission of a few unimportant local differences, the western section repre- 
sents the ascertained succession and thickness of the beds from a to nearly half a mile 
westward. They are probably continued much further in this direction, but are known 
to terminate eastward abruptly at the “Fault,” ef, immediately east of a. The lowest 
bed shown is the 62nd in the “ pit ” sections. 

The eastern section is drawn from the data obtained in Mr. Divett’s “ boring ” at c, 
(p. 1033,) and shows all the beds cut there. These are assumed to extend, in the same 
order, westward to e f; and though no excavations have been made at the surface in 
the intermediate space, the assumption is by no means gratuitous, since a bed of sand, 
having the same characters and at the same depth below the surface, has been met with 
both in the “ boring ” c and the excavation d. 

Though the existence and situation of the “ Fault ” has been well ascertained, the 
angle which its plane (1), e f makes with the horizon is not so well known. In the 
absence of complete evidence on this point, it has been thought best to draw it at right 
angles, more especially as the evidence, so far as it goes, is to that effect. 
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XL. On the Fossil Flora of Bovey Tracey. By Dr. Oswald Heer, Professor of Botany, 
and Director of the Botanical Gardens in Zurich. Communicated by Sir C. Lyell. 

. 

Received November 16, — Read November 21, 1861. 

In the middle of the extensive plain which is bounded by the slopes of Bovey, are the 
potteries of Mr. Divett, for which fuel was formerly supplied by the lignite excavated 
there. In order to obtain this lignite a deep cutting has been made, and a sort of small 
ravine formed, on the sides of which the stratification is exposed. The surface-covering 
consists of a light-coloured quartzose sand, which contains here and there considerable 
beds of white clay. By the plants contained in it this formation is assigned to the 
Diluvium. Immediately under it come the beds of clay and lignite described by 
Mr. Pengelly in the foregoing paper, which arc all referable to one formation, as several 
kinds of plants are common to the different beds. The Sequoia Couttsice and Pecopteris 
lignitum occur in the 7th, 17th, 26th, 40th, and 63rd beds. Carpolithes Websteri is 
certainly found in the greatest abundance in the 54th bed, yet occurs also, though very 
rarely, in the 25 th bed ; Cinnamomum Scheuchzeri and C. lanceolatum in the 17th and 
26th. The formation to which these strata belong is far older than that of the overlying 
white clay ; the plants found in the former prove them to belong unquestionably to the 
Miocene period, and accordingly we must treat of them separately. * 

A. The Miocene Formation of Bovey. 

Of the fifty spccie^of plants which have hitherto been discovered in the lignite beds 
of Bovey, twenty-one occur also on the Continent in the Miocene formation. The 
lignite of Bovey Tracey is therefore undoubtedly Miocene ; and it is worthy of special 
remark, that the species of Cinnamomum which are so characteristic of the Miocene 
and so generally distributed through it make their appearance in Bovey precisely as in 
the lignites and molasse of the rest of Europe. Equally characteristic are the Lastrcea 
Stiriaca , the fern of most universal distribution over Miocene Europe, the ornate 
striated seeds of the Gardenia WetzleH , and the fruits of Carpolithes Websteri , which 
are known to us’ from Germany, Switzerland, and Italy. 

The following conspectus exhibits the proportions in which some of the species found 
at Bovey have been observed in other districts : — 


MDCCCLXIl. 


7 o 
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Tongrian. 


Aquitanian. 


Helvetian. 


Lastrcea Stiriaca, Ung., sp. Monod ; Hohe Rho- Radoboj; Eriz;Riath- 

TT7,i. 1*2.. «T: J T) 


Pecoptcris lignitum,(Wc&. Weissenfels 


Sequoia Couttsi®, m. 

Palmacites Dmmonorops, 
Ung., sp. 

Quereus Lyelli, m 

Laurus primigenia, Ung. 


Cinnamomum Rossmass- 
leri, Hr. 


Hempstead, Isle of 
Wight. 


nen ; Paudeze ; W et- hausli and Ruppen, 

terau ; M<5nat ; Ca- St. Gallen. 
dibona. 

j ThGrens, Savoy ; Ma- 

I nosque, Provence ; 

Wet terau. 

Armiasan, near Nar- 

bonne. 

Salzhausen 


Sotzka; Bornstedt; 
Weissenfels; Sal- 
zedo; Novale. 
Haering; Mt. Pro- 
uiina; Salzedo. 


Scheuchzori, Hr. . . . Sotzka . 


Altsattel in Bohemia. 
Rivaz ; H. Rhonen ; 
Spebaeh ; Cadibona. 

Rothenthurm ; Alt- 
sattel ; Reut ; W est- 
erwald; Sagor. 
Common everywhere. 


Eriz ; St. Gallen 


CEningian. 


Albis, very rrre ; 
Parschlug ; 
Sarzanello. 


Lausanno ; Solitude 
near St. Gallen ; 
Radoboj ; Bilin. 
Common everywhere. 


Turin 


Common ... 


laneeolatum, Ung., 

sp. 

Daphnogene Ungeri, Hr. 


Dryandroides hakeacfolia, i 
Ung. 


Common Common everywhere. Common everywhere. Rare 


Sotzka 


Sotzka ; Mt. Pro- 
mina; Haering; 
Salzedo. 


laevigata, Hr. 


I Weissenfels 


Nyssa europara, Ung. ... 
Vaccitiium acheronticum, 
Ung. 


Andromeda vacciniifolia, 
Ung. 

reticulata, Ett 

Echitonium cuspidatum, 
Hr. 

Gardenia Wetzleri, Hr. .. 

Nympbaea Doris, m 

EugenialLeringiana, Ung . 


Sotzka ; Sieblos ; 
Haering ; Salze- 
do ; Chiavon ; 
Taurus. 

Sotzka; Taurus ... 

Hempstead ; Haer- 
ing; Sieblos. 


Lignite of Bonn; 
Westerwald ; Ma- 
nosque. 

Monod; Rivaz ; Ro- 
chette ; II. Rho- 
nen; liufi; Balten- 
schw T eil ; Sagor ; 
Peissenberg ; Fo- 
veagedo. 

Monod*; Rivaz; H. 
Rhonen ; Peissen- 
berg ; Cadibona ; 
Manosque. 
Salzhausen; Nidda. 
Monod; II. Rhonen; 
Sagor ; Lignite of 
Bonn. 


Dovelier 


Albis ; Wangen ; 
Parschlug ; 
Senegaglia. 
Common every- 
where. 

Very rare; Albis; 
Ischel. 

Irchel ; Schrotz- 
burg; Wangen. 


Develier; Schangnau;] 
Radoboj ; Rhon. 


Petit Mont, 
Lausanne; 
St. Gallen. 


Monod Monzlen 


(Eningen ; 
Schrotzburg ; 
Parschlug ; 
Senegaglia. 


Manosque 


Hempstead 

Ilaenng ; Sieblos ; 
Reut. 


Salzhausen; Samland. Rhon ; Gunzburg ; 

Ruckers. 


Locle. 


Ralligen Lausanne; Calvaire; 

• St. Gallen ; Rhon. 


Celastrus pseudo-ilex,^/. Haering 


Petit Mont, 
Lausanne; 
Turin. 


Bh8n 


Carpolithes Websteri, Hr. Hempstead 


Rochette ; Conver- Rbon ; Eisgraben ; 
sion; Westerwald; Zeche Einigkeit ; 

Salzhausen ; Lau- Kaltennordheim. 

bach; Cadibona. 


Locle 5 CEnin- 
gen ; Hohen 
Kraken ; Bis- 
chofsheim. 
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A glance at this Table will at once satisfy us that the lignites of Bovey must be 
referred to the Lower Miocene division, and to the Aquitanian stage of it. It is true 
that nine of the species are found also ii^the Upper Miocene of other places, but these 
are all species which occur alio in the lower stages, and which had a very extensive 
distribution both in time and space. Twelve species have been observed in the Mayencian 
and sixteen in the Tongrian stage ; but nineteen have been identified in the Aquitanian 
stage in various localities. Certain species ( Palmacites Dcenionorops , Quercus Lyelli , and 
Nyssa europoea) are not yet known in other districts as belonging to any but the Aqui- 
tanian stage ; two ( Andromeda reticulata and Nymphcea Doris ) are known only in the 
Tongrian ; others ( Pecopteris lignitum , Sequoia Couttsice , Dryandroides Tiakecefolia , and 
D. laevigata) only in the Tongrian and Aquitanian. 

In this conspectus we have omitted the doubtful species ( Phragmites (Eningensis , 
Dryandroides llanksiaefolia , Eucalyptus Oceanian , and Pterocarya denticulata). Should 
these be established by specimens in a better state of preservation, no disturbance would 
ensue* to the above result, inasmucli as the Phragmites reaches back to the Lower Mio- 
cene, the Eucalyptus and Dryandroides belong to the Tongrian and the Aquitanian, the 
Pterocarya to the Aquitanian. 

If we compare the Bovey flora with the several Continental floras, we shall find a 
great coincidence between it and that of Salzliausen in the Wetterau. A couple of 
species, viz. Palmacites Dmmonorops and Nyssa europma , were previously known only 
from that district, while others, as Pecopteris lignitum , have been rarely found in* other 
localities. With the Aquitanian stage of the Swiss Molasse (Ilohe lihonen, Ilalligen, 
Monod and liochette) Bovey has eleven species in common, — all species which occur in 
other parts, but two of them ( Dryandroides hakeafolia and D. laevigata) are especially 
frequent in Switzerland. 

Of the French tertiary floras, it approximates most to that of Manosque in Provence. 
Here, as at Bovey, the most frequent fern is Pecopteris lignitum ; and here also are found 
Cinnamomum lanceolatum , Daphnogene Ungeri, Echitonium cuspidatum , and Dryan- 
droides laevigata. The water-lily of Bovey is probably one with the Nymphcea calo- 
phylla , Sap., of Manosque ; but this cannot be determined, as we have only the leaves in 
the latter case, and the seeds in the former. 

In the composition of the soft clay that contains the plants in the 26th bed at Bovey, 
and in the mode of their deposition in the same, there is great resemblance to the clays 
of Samland near Konigsberg. A further connexion may also be traced through Gar- 
denia Wetzleri. 

It is remarkable that Bovey has no species in common with Iceland, although the 
tertiary flora of Iceland belongs to the same period, and two of its species ( Corylus 
MacQuarrii , Forbes, and Platanus aceroides , Gp.) extend into Great Britain, having 
been found in Mull, in the Miocene of Ardtun Head. Even the genera are distinct, 
with the exception of two, Sequoia , and Quercus , which genera have each a single but 
distinct species in Iceland and in Bovey. The Bovey flora has a much more southern 

7 o 2 
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character, corresponding entirely with that of the Lower Miocene of Switzerland. Bovey 
had three species of cinnamon, one laurel, evergreen fig-trees, one palm, an d large 
ferns, thus manifesting a subtropical climate. 

If we compare the Bovey flora with that o^he Eo<jene beds of the Isle of Wight, we 
find certainly some points of connexion, but, on the whole, an essentially different 
character. As connecting points, we may observe that one species (viz. Lauras primi- 
gcnia, Ung.) is common to Alum Bay and Bovey, and, moreover, that the genera Quercus , 
Ficus , Dryandroides , Daphnogene , and Sequoia appear in both places, although differing 
in species. The fact of only one species being found in common at so short a distance 
— that in the Eocene formations of the Isle of Wight the highly characteristic Cinnamon 
and Lastraeas are wanting — above all, the fact that Bovey has many more species in 
common with the more remote Miocene formations of the Continent than it has with 
Alum Bay and Bournemouth, satisfies us that it belongs to a different horizon*. 

In this summary we have noticed only the species already known. Among the new 
species, however, of which I have described twenty-six, several interesting forms are 
found. The first place belongs to the Sequoia Couttsice , m., a Conifer, which we can 
illustrate by branches of every age, and by the cones and seed. It supplies a highly 
important link between Sequoia Langsdorji and Sequoia Sternbergi, the widely distributed 
representatives of Sequoia semperviretis, Lamb., and Seq. gigantea, Lindl. ( Wellingtonia ), 
which latter species are at present confined to California. 

Of great interest also are tw o species of Vitis, of which the grape-stones lie in the 
clays of Bovey. They belong to different species from the tertiary vine of the Conti- 
nent ( \itis teutonica , A. Br.) ; but it is not improbable that they may be identified with 
that of Iceland ( Vitis islandica, m.), though we must leave this indeterminate for the 
present, as we have obtained only the leaves from Iceland, and only the grape-stones 
from Bovey. The three remarkable species of fig, the seeds of three new species of 
Nyssa and two of Anona , one new water-lily (Xymplioea), and many highly ornate Gar- 
polithes , are important additions to our knowledge of tertiary plants. 

If from the relics of Bovey plants, which are still far from numerous, we attempt to 
represent the vegetation of Bovey as it existed in the tertiary period, we shall have to 
sketch it somewhat in the following manner: — The woods that covered the slopes 
which surrounded the beds of lignite consisted mainly of a huge coniferous tree ( Sequoia 
Couttsiw), whose figure resembled in all probability its highly admired cousin the 
Sequoia (Wellingtonia) gigantea, Lindl., of California. It had just the same graceful 
slender appearance in its vernal shoots, thickly studded with leaflets ; and the similarity 
continued in the older shoots and branches, which were clothed with scales. But it pre- 
sented a distinct character in its shorter leaves, which were even more closely appressed 
to the shoots, and in its smaller cones. The leafy trees of most frequent occurrence were 

I received lately from Mr. Peworlly a collection of plants from tho Tongrian stage of Hempstead 

(Isle of Wight) ; it contains four Bovey species, viz. Sequoia Oouttsia, Andromeda reticulata , Nymphcea 
Doris, and Carpolithee Websteri. 
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the cinnamons ( Cinnamomum lanceolatum and C. Scheuchzeri) and an evergreen oak 
{Quercm Lyelli, m.) like those which now are seen in Mexico. The species of evergreen 
fig were rarer, as were also those of Anona and of Gardenia. The trees of the ancient 
forest were evidently festooned with vines, beside which the prickly Rotang-palm 
(Palmacites Dasmonorops) twined its snake-like form. In the shade of the forest throve 
numerous ferns, one species of which (Pecopteris lignitum) seems to have formed trees 
of imposing grandeur; besides which there were masses of underwood belonging to 
various species of the genus Nyssa , which is at present confined to North America. On 
the surface of the lake in whicli were formed the deposits of clay and sand that lie 
between the lignite-beds, were expanded the leaves of those water-lilies the ornate 
seeds of which are preserved for our examination. 

If we inquire further how far the plants help us to a definite view of the course of 
events by which these lignite-beds were formed, our conclusions will be somewhat of 
the following kind : — 

It 'is highly probable that at the period of the Lower Miocene the Bovey basin was 
occupied by an inland lake. "The entire absence of freshwater shells, and indeed of 
aquatic animals generally, is certainly very extraordinary; and so is the absence of fruits 
of Chara , which abound elsewhere in Miocene freshwater deposits ; the Nymphcea seeds, 
however, afford positive proof of fresh water. We must not omit to notice that the parts, 
of the basin hitherto explqrcd, and the only parts which are accessible to investigation, 
lie at a great distance from the hills. Accordingly they were far from the bank* more 
in the middle of the lake, and, in the case of the lower beds, at a considerable depth. 
This explains the absence of bog plants, so numsfrous in other instances, as well as the 
absence of mammalian relics. These would not have drifted so far out into the lake, 
and probably they are to bo found on the edge of the lignite formation, where the 
vegetation also may be expected to present a somewhat different character. The lignite- 
beds of the under series consist almost entirely of tree-stems (probably belonging in 
great measure to Sequoia Couttsicc) ; these alternate with masses of a brownish-black 
clay, the dusky colour of which has doubtless been pfoduced by the decomposition of 
the softer portions of the plant. No leaves offer themselves for recognition, but here 
and there twigs and seeds of Sequoia Couttsice, and little fruits, as Carpolithes Websteri 
and G. nitens. The tree-stems, which are here piled one over the other in huge masses 
(none of them stand upright), and which every here and there stretch their branches and 
roots in the layer of clay which has covered them up, have apparently been floated 
hither, not only from the immediate circuit of hills, but doubtless also from greater 
distances. Such a mass of timber could hardly have been furnished by the former. 
Accordingly we learn from the structure of these lignite-beds that they did not originate 
in a tertiary peat-deposit, but from a colluvies of wood uniting in a lake ; and hence they 
differ widely from those of Paud&ze, of Hohe Rhonen, of Kapfnadt, and other localities 
of Switzerland. At the same time the lignites of Bovey must have taken a long period 
in the process of formation, as the repeated alternations of clay-beds sufficiently show. 
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When a mass of timber and mud had been deposited in the bottom of the Bovey 
lake, some natural disturbance (whether owing to extensive landslips falling into the 
lake, or to the river undermining its banks) must have occasioned the contribution of 
a mass of quartzose sand, which thickly covers the under set of lignites, and which must 
at the time have helped largely to fill up the lake. Immediately above it lies a soft 
clay with numerous leaves of plants (the 26th bed), just as they were drifted together 
from the woods in the fall of the year. It seems, then, that this bed was formed in 
autumn, and that the plants it contains are due to the driftings of that season; in 
further confirmation of which, is the frequent recurrence of the seed and ripe cones of 
Sequoia Couttsice. Higher up follows the bed with the fern-rhizomes, among which 
occasionally can be recognized the pinnules of Pecopteris lignitum , which, somewhat 
higher up, amidst the branches of the Sequoia , appear in great abundance, being here 
and there compacted together in dense masses. 

Above this bed come strata of clay ard comparatively inconsiderable deposits of lignite, 
which last were all formed from the collection of wood and plants drifted to the spot. 

As this Lower Miocene formation is immediately succeeded by quartzose sand with 
White Clay, we have here a great hiatus. Either the Middle and Upper Miocene, as 
well as the Pleiocene periods, must have passed without the formation of deposits in 
this place, or the latter must have been removed during the Diluvial period. 

B. The White Clay. 

While the lignites and their alternating clays at Bovey present us with a vegetation 
which is subtropical, the plants of th* White Clay exhibit a totally different character, 
and must have had their origin in a period altogether distinct. The collection of 
Mr. Pengelly contains four species from this formation — three of Salts and one of 
Betula ; and, what is the most remarkable, none of these appear to me to differ from 
species now living. The little birch-leaves are not to be distinguished from those of 
Betula nana , Linn., nor the willow-leaves of one species from those of Salix cinerea , 
Linn. ; while those of a second* species come very near Salix repens , Linn., and also 
resemble strongly those of Salix amhiyua , Ehrh. So variable is the form of these 
leaves, that it is hard to fix the species with positive certainty. At all events these 
leaves prove to us that those white clays must be much more reamt than the lignite 
deposit ; while the presence of Betula nana , Linn., which is in the highest degree 
remarkable, is conclusive for a diluvial climate, that is, a colder climate than Devon- 
shire has at the present day ; for this dwarf birch is an Arctic plant, which has no 
British habitat south of Scotland, and which occurs in Mid Europe only on mountains 
and subalpine peat-mosses. The evidence of the willow-leaves is to the same effect, 
indicating that at this period Bovey was a cold peat-moor. We may remark that Salix 
cinerea , Linn., is on* of the most prevalent species of the diluvial travertine of 
Kannstatt. 
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I. Descriptions of the Miocene Species of Plants. 

I. CRYPTOGAMS. 

* 

I. FUNGI. 

1. Scleeotium, Tode. 

1. Scleeotium Cinnamomi, m. (Plate LXVII. fig. 17 ; fig. 19, magnified ; diameter mag- 

nified, 19 b.) 

Scl. peritkecio orbiculato, duro, piano, margine elevato. 

On the leaf of Cinnamomum Rossmdssleri there are several flat circular umbos. They 
are 1 millim. in diameter. They are quite smooth and flat in the centre, and surrounded 
by a very sharp edge. 

They very much resemble* Sclerotium pustuliferum , Ilcer, which is often found on 
Quercus nerii folia in Oeningen. Of the living species, Scl. pustula may be compared 
with it. RossmXsslee has figured a closely resembling, but somewhat larger fungus, in 
his ‘ Beitragen zur Versteinerungskunde,’ taf. 8. fig. 27. 

2. Spileria, Hall. 

\ 

2. Sphjsria socialis, m. (Plate LXV. fig. 13, c; fig. 13, cc, magnified.) 

Sph. peritheciis congregatis, minutissimis, orbiculatis, ostiolo rotundato pertusis. 

In the 17 th bed at Bovey. 

There are many circular and convex little bodies close together on a leaf of Dryan - 
droides Icevigata, Heer. In the centre they are furnished with a pretty large aperture. 

#• 

3. Sphjsria lignitum, m. (Plate LV. fig. 1 ; figs. 2 & 3, magnified.) 

* Sph. peritheciis gregariis, liberis, conicis, nigris, apice nitidis, papillatis, ostiolo mi- 
nuto, orbiculato. 

I found this Sphceria on the bark of several branches, which perhaps belong to Sequoia 
Couttsice. They were lying in the 26 th bed, beside some young branches of Sequoia. 
The perithecia form little black warts, which are clustered together in great numbers ; 
the largest £ millim. in diameter ; many of them are much smaller, and appear as black 
points. The largest of them are slightly conical, and furnished on the top with a very 
small though distinctly separated cicatricule. When this cicatricule falls away, a small 
aperture is left. In many of them a transverse slit has originated near the base, 
and the upper part of the perithecium has fallen away j thus we have a large aperture, 
surrounded by the pretty thick coat of the perithecium. 

This belongs to the group of Sphcerice pertusce , Fries (System a* Mycolog. ii. p. 460), 
and has a great resemblance to Sphceria umbrina , which, however, is much larger and 
flatter. 
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II. FILICES. 


1. Lastiwea, Bory, Alex. Braun. ( Phegopteris , Mettenius.) 

4. Lastrjsa (Goniopteris) Stiriaca. (Plate LVI. figs. 12-15.) 

L. fronde pinnata, pinnis linearibus, praelongis, grosse creuatis serratisve, nervis 
secundariis e nervo primario angulo subacuto egredientibus, pinnatis, nervis ter- 
tiariis utrinque plerumque 6-7, curvatis, subparallelis, angulo acuto egredientibus, 
soriferis ; soris rotundatis, biseriatis. 

Heer, Flora Tertiaria Helvetia, i. p. 31 ; iii. p. 151 ; pi. 6, 7, 143, figs. 7 & 8. 

Polypodites stiriacus , Unger, Chloris Protogaca, p. 121, pi. 36. 

This is the tertiary fern which has the widest distribution. It appears rarely in the 
Upper Molassc, however (on the Albis, in Parschlug and Sarzanello), but very often 
in the Aquitanian stage of the Lower Miocene formation — thus at Monod, the Paudeze, 
Ilolien Rhonen, &c., in France at Menat, and in Italy at Cadibona. Several portions 
of leaves have been found at Bovey, the determination of which is undoubted. The leaf 
figured in fig. 15 represents a pinnule in almost its whole length ; the other figures 
represent parts of leaves, the nervation of which is well preserved (Plates LVI. fig. 12 ; 
LVII. fig. 8). The specimen Plate LVI. fig. 14 is a portion of a leaf with ‘the rachis, 
on the side of which the pinnules are attached. The pinnule is long and narrow, with 
parallel sides, deeply toothed, the teeth bent towards the apex ; their long side forms an 
arch, the sinus is acute. The principal nerve of the pinnule is strong, the secondary 
nerves arc fine, springing at acute angles and forming a slight arch ; from each second- 
ary nerve spring, on the inner side five or six, and on the exterior side six or seven, but 
seldom eight, tertiary nerves. They are strongly bent upwards, and united exactly in 
the same manner as in the specimens I have described in the ‘ Flora Tertiaria Hclvetise ’ 
(vol. i. p.«31). At Bovey, hitherto, only sterile leaves have been found, whilst Monod 
has furnished pinnae covered with sori (cf. Plate LVI. fig. 13). The sori are in t^e 
middle, or a little outside the middle of the tertiary nerves; they are round, small, 
and ranged in two lines, converging towards the apex. We sec, from the specimens 
discovered at Monod, that this species was a very large one. The leaves attained pro- 
bably a length of 3 feet and a diameter of at least 1 foot. The pinnules are very distant 
from each other at the base of the leaf, whilst above they approach and get gradually 
shorter. Most of the specimens are from the 17th bed of Bovey, I saw, however, one 
in the clay of the 26th bed. 

Lastrasa Stiriaca most resembles L. prolifera , Kaulf. {Phegopteris prolifera, Metten.), 
of tropical America, and belongs to the genus Lastrasa (div. Ooniopteris ), as Alex. Braun 
has established it (cf. Flora Tertiaria Helvet. i. p. 30, and iii. p. 150). 


5. Lastrjsa Bunburii, m. (Plate LXIII. fig. l,b; magnified, c, d.) 

L. fronde pinnata (?), pinnis linearibus, apicem versus angustatis, argute serratis, 
nervis secundariis flexuosis, e nervo primario angulo subacuto egredientibus, pin- 
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natis, nervis tertiariis utrinque 2-4, subflexuosis, curvatis, angulo acuto egredien- 
tibus. 

Only a portion of a leaf, of 71 millims. in length ; it occurred in the clay of the 
26th bed. At the base it was probably 19 millims. in diameter; towards the apex it 
gradually tapers ; therefore it must probably have had a long apex, which however is 
not preserved. It very much resembles the former species, but differs by the tapering 
form, the smaller and very acute teeth, and the fewer tertiary nerves, which are 
undulated. A comparison with fig. 4, pi. 8 of the ‘ Flora Tertiaria ’ shows that it is not 
the exterior part of the former species. It approaches more to L. Helvetica , Hr. (Flora 
Tertiaria, i. p. 33, iii. p. 151), in the tapering of the pinnules, notwithstanding the fewer 
tertiary nerves and the undulated secondary nerves. It differs from Aspidium dolma - 
ticum , Ett., in the smaller teeth, and fewer tertiary nerves. 

The margin is provided with very small and sharp teeth, which are very much bent 
towards the apex. The secondary nerves are thin, strongly undulated, and have on the 
under side mostly four, sometimes but three, on the upper one two or three tertiary 
nerves, which are also undulated. The lowest one is united with the lowest of the next 
secondary nerves, and forms with it a triangular acute areole, out of which springs a 
branch that advances to the next sinus. A little higher it is joined by two united 
tertiary nerves, also at an acute angle, and immediately under the sinus another one. 
This nerve directed to the sinus is also undulated. 

2. Pecopteris, Br. 

6. Pecopteris (Hemitelia?) lignitum, Gieb. (Plate LV. figs. 4-6; LVI. figs. 1-11; 
LV1I. figs. 1-7, magnified.) 

P fronde pinnata, pinnis linearibus, longis, apice valde attenuatis et acuminatis, basi 
plerumquc breviter petiolatis, profunde inciso-serratis, nervis tertiariis furcatis, 
inferioribus valde curvatis, sinum attingentibus. 

Pecopteris lignitum , P. crassinervis , P. leucopetrce et P. angusta , Giebel, “ Paleontolog. 
Untcrsuch ungen,” Zeitschrift fur die gesammten Naturwissenschaften, 1857, p. 305, 
pi. 2. fig. 2. 

Aspidium lignitum , Hcer, Beitriige zur nahern Kenntniss der sachsisch-thuringisch. 
Braunkohlenflora, p. 424, pi. 9. figs. 2 & 3. 

Aspidium Megeri , Ludwig (non Ileer!), Palocontograph. viii. 2. p. 63, pi. 12. fig. 3. 

This is the commonest fern at Bovey ; it and Sequoia Couttsice are the plants most 
commonly met with in this locality ; the petioles and pinnules are heaped up in the 
17th and 26th bed. They are only separated by thin layers of clay. On dissolving 
this, one is able to take the leaves out of it and preserve them in fluid (spirit, glycerine, 
water). They decompose in the air. 

This species had a large distribution in the tertiary period, but is confined to the 
mdccclxii. 7 D 
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Tongrian and Aquitanian stages. It has been found; at Weissenfels n$a£ony, at 
Salzhausen and Miinzenberg, at Thorens in Savoy, and at Manosque in Provence; 

Hitherto no perfect leaves or pinnules have been found at Bovey, but so many 
portions of pinnules that one can easily put together the entire pinnule, as we have 
tried to do in Plate LVI. fig. 8. The pinnule is in length 173 millims., its extreme 
breadth 21 millims. ; it gradually tapers towards the apex, and forms a long sharp point 
(Plate LVI. figs. 2-4, and magnified fig. 1). The pinnule is also narrower at the base 
than in the middle ; at least several pieces evidently belonging to the base are narrower 
than those from the middle of the pinnule (fig. 5). The pinnule is shortly petioled, 
and has often unequal sides at the base. There are many such pinnules around a finely 
striated rachis ; portions of which latter common rachis are often found (cf. Plate L V. 
figs. 5, 4 a, & 8) between the pinnules, and in several cases I have seen the lateral 
pinnules attached. 

The pinnules are of a strong, almost leathery consistence, and, examined with a lens, 
they appear to be finely punctate. Their margin is deeply toothed, the broad portions 
in the middle of the pinnule are nearly pinnatifid, the teeth on the outer margin smaller, 
and closer together. All these teeth are strongly bent towards the apex ; the long side 
forms a strongly-curved arch ; they are entire, and provided at the tip with a distinctly 
separated little tooth. The midrib is pretty strong ; the secondary nerves spring at the 
base of the leaf in slightly acute angles, and in more acute ones in the upper narrower 
part of the pinnule. They are mostly more or less curved, and on each side they send 
forking tertiary nerves, on the upper part (nearer the tip) mostly one or two less than 
on the lower one. The broad pieces of pinnules have on the lower side seven or eight 
tertiary nerves ; the number lessens nearer to the tip, as the pinnules gradually taper 
(we count there 6, 5, 4, 3, 2), and quite near the tip they are undivided (fig. 1). Each 
of the tertiary nerves soon divides into two branches, which do not again divide ; only 
the exterior ones remain entire. Those tertiary nerves are everywhere equally strong, 
and sometimes the fourth or fifth advances to the margin, whilst the following one is 
again forking. The lowest ones are very strongly curved, and enter the sinus always 
between two teeth. The lowest tertiary nerves do not generally join the nerve of the 
neighbouring pinnules (Plate LVII. figs. 1, 4 & 5), or only in the sinus, forming a very 
acute-angled triangle (figs. 3 & 7). In some cases they unite like Goniopteris , already 
a little lower (Plate LVII. fig. 2), forming several very acute-angled arches. The ter- 
tiary nerves mostly spring from the secondary ; but sometimes a fine forking nerve 
immediately springs from the principal nerve (Plate LVII. figs. 1-5), and runs to the 
sinus of the teeth. 

A portion of a leaf very different in the nervation is figured in Plate LVII. fig. 6 
(magnified). The tertiary nerves spring at very acute angles ; they are very numerous, 
and some of them are twice forked. The teeth seem to have been narrower and longer, 
This fragment may belong to another species, but is too imperfect to pronounce auy 
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opinion upon. Beside the pinnules of the leaves, we often find at Bovey circulate young 
shoots of ferns (Plate LVI. figs. 9, 10 & 11), which probably belong to the species in 
■question, as being the coikimonest one. 

Professor Giebbl, who first established this species, has given it four names: his 
Pecopteris leucopetrce represents the apex of the leaf, P. angusta a portion of the 
pinnule a little below the apex, where the tertiary nerves spring at acute angles, and 
P. lignitum and P. crassinervis the broader lower part of the pinnule. 

Ludwig has confounded this species with Aspidium Meyeri , Heer. The portion of a 
leaf from Miinzenberg, figured by him in pi. 12. fig. 3 of the ‘ Paleeon tographica,’ 
entirely differs from A. Meyeri , in the shallower incision and different nervation. It 
belongs to P. lignitum. It seems to me that the portion of a leaf figured by him in 
pi. 10. fig. 2, belongs to another species. 

I have formerly assigned this fern to the genus Aspidium , because the secondary 
nerves are usually forked, and the tertiary nerves often jointed like Gomopteris; but 
a close examination of the numerous and well-preserved fragments from Bovey has con- 
vinced me that they do not belong to Aspidium. The pinnules had a hard, nearly 
leathery structure ; and the peculiarly curved lower tertiary nerves, which run in large 
arches, differ from Aspidium , and very much remind one of Hemitelia. The tertiary 
nerves of the Hemitelias are most of them jointed by small nervules ; but still there 
are species in which this is not the case (ex. gr. H. integrifolia and II. speciosa), and in 
H. Karsteniana (cf. Mettenius, leones Filicum, pi. 29. fig. 2) there is a variety the nerva- 
tion of which has more likeness to that of Pecopteris lignitum than to any other species 
of fern known to me ; therefore the species in question probably belongs to the genus 
Hemitelia. It may, however, be better in the meanwhile to preserve the name Peco- 
pteris till the fruits are found, which certainly will be soon, this species being so common 
at Bovey. I have, however, sought in vain for sori amongst many hundreds of pinnules. 
Sometimes little round spots are seen which look like sori (Plate LV. fig. 4 d) ; but a 
careful examination shows that they are accidental markings, some of them upon the 
tertiary nerves, and others beside them. 

In the 25th bed at Bovey (rarely in the 17th) we often find large rhizomes quite 
covered with petioles, which, I suppose, for the following reasons, to belong to Pecopteris 
lignitum. 

1. In several pieces, I found between the petioles the pinnules of Pecopteris lignitum^ 
though not attached. 

2. In the lignites of Salzhausen quite similar rhizomes are found with pinnules of 
Pecopteris lignitum (cf. Ludwig, in the ‘ Paleontographica,’ viii. p. 64, pi. 10. fig. 3); 
therefore LuIdwig has compared it with this species (his Aspidium Meyeri). 

3. The petioles are striated in the same manner as the petioles which are so often 
lying between the pinnules of Pecopteris lignitum , and which undoubtedly belong to 
one plant, an in some cases I saw them attached (Plate LV. fig- 4). 

4. The rhizomes and the petioles are mostly curved towards one side ; therefore the 

7 d 2 
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rhizomes probably lay horizontally on the earth, and the leaves arched upwards, as we 
see in existing ferns. 

The stems, and the petioles which cover them, are converted into coal ; therefore a 
microscopic examination is not possible. The considerable thickness of the organs 
surrounding and covering the stems shows us that they are petioles, and not leaves. 
Though they are very much compressed, the thickness of the mass of coal is nearly 
always several millims. 

The large specimens remind us directly of the pinnated leaves of palms (Plate LVI1I.). 
On examining them minutely, we sec that the supposed pinnules are not fastened in two 
rows on the rachis, but that they are placed around it spirally ; therefore they cannot be 
pinnules of leaves ; they are organs fastened on a stem ; and as they are tapered at the 
base, and inserted on the stem with a tapering but not sheathing base, they cannot at 
all events be the leaves of a monocotyledonous plant. The leaves of ferns are inserted 
in that manner on the stem, and taper also sometimes towards the base. In most of 
the Aspidieae, Asplenierc, and Cyathea? the petioles are continuous with the stem ; 
they remain after the withering of the leaves, and form a thick and dense cover over 
the rhizome, as they do in the Bovey plant. It is remarkable that roots are seldom seen 
on these rhizomes; but in several specimens thread-like bodies can be seen between 
them, which probably were fibrils ; and there are, further, some specimens which indi- 
cate that the numerous fine undulated striae, which at some places are lying in heaps, 
are probably hairy scales which have covered the petioles. 

The largest specimen is 7^ decim. long and 2 decim. broad. It is pretty strongly 
curved. The petioles are lying in heaps one upon another, and therefore must have 
covered the stem. In some specimens the stem is denuded here and there. It is quite 
converted into coal, and it is therefore as impossible to examine its anatomical structure 
as that of the petioles. These are of a considerable length, and always irregularly 
broken ; their length therefore varies. I have collected great numbers of specimens at 
Bovey, and hoped to have been able to find the connexion of the petioles with the 
pinnules of Pecopteris , but was unsuccessful, though these rhizomes are in heaps in 
the 25th bed. The petioles gradually taper towards the base, which is rounded ; they 
never sheath. Many specimens distinctly show that the petioles are not distichous, 
but are imbricated all round the stem. They are compressed, but the edges are 
defined. 

At the same place there are portions of rhizomes provided with the cicatricules of 
roots (Plate LVI1I. fig. 3). These are orbicular, 3 millims. in diameter, and consist of 
an elevated margin, surrounded by an orbicular depression, dr, instead of this, they pre- 
sent a central wart, evidently originating from the central fibre. They are in pretty 
large numbers together, without being ranged in fixed order. The stems of living ferns 
have similar cicatricules of roots. The Stigmaria 1 of Altsattel, according to Rossmass- 
ler*, probably represents also a portion of the stem of a fern with the cicatricules. 

* Beitrage zur Versteinerungskunde, pi. 12. fig. 68. 



DR. HEEB ON THE FOSSIL FLORA OF BOVEY TRACEY. 1051 

7. Pecopteris Hookeri, m. (Plate LVIII. fig. 3.) 

P. pinnis elongato-lanceolatis, anguste serratis, nervis secundariis furcatis. 

I have seen only a drawing (Plate LVIII. fig. 3) which Mr. Fitch has made. He 
assured me that the nervation and the natural size of the leaf were truly represented. 
The leaf seems to be lost ; for it could be found neither in London nor at Mr. Pen- 
oelly’s, at Torquay. It consists of a pinnule *, the base and point of which are want- 
ing. It is toothed, the teeth sharp and bent towards the apex, the secondary nerves 
partly alternate, partly opposite, each of them divided into a simple fork. The branches 
of the fork run to the teeth. 


II. PHANEROGAMS. 

A. Gymnospermro. 

Order CONIFERS. 

Fam. Abietinejj, Rich. 

1. Sequoia, Endl. 

8. Sequoia Couttsle, m. (Plates LIX., LX., LXI.) 

S. ramis al terms, rarissime verticillatis, ramulis junioribus elongatis, gracilibus; foliis 
squamacformibus, imbricatis, subfalcatis, medio dorso costatis, basi decurrentibus ; 
strobilis globosis vel subglobosis ; squamis pcltatis, medio brevissime mueronulatis, 
rugosis ; seminibus alatis, compressis, nudeo paulo curvato. 

This and Pecopteris lignitum are the commonest plants of Bovey, and their stems 
certainly contribute the greatest amount of lignite. Larger and smaller branches of 
this tree occur in the 17th and 26th beds of the clay. Entire cones (as represented in 
Plate LIX..figs. 1, 14, 16 & 18), seeds, and scales of cones have been found in great 
numbers. It is certain that the cones and seeds belong to one plant ; for they not only 
agree with those of Sequoia, but in several cases I have seen the seeds lying in their 
natural position under the cone. But it might be questioned if all those branches the 
principal forms of which are represented in Plates LIX. and LX. belong to this same tree, 
because the young twigs so closely resemble those of Glyptostrobus europceus. A very 
minute comparison, however, of many specimens has persuaded me that this is not the 
case, and that all the figured branches and cones belong to one plant. In comparing 
the leaves of the twigs which bear the cones (Plate LIX. figs. 14, 16 & 18), we see that 
their form agrees with the loose twigs. As the principal character of these leaves, we 
may observe that they are nearly always somewhat falcate (cf. Plate LX. figs. 14-20). 
This is not the case with Glyptostrobus europceus (cf. Plate LX. fig. 49, magnified fig. 49 5, 

• This form very much reminds us of Lastraa JBunburii, the nervation of which is however quite 
different. 
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where a twig of Glyptostrobus of the Hohe Rhonen is represented for comparisons). 
The adnate scale-like leaves are straight in Glyptostrobus , or only somewhat curved out- 
wards and obtuse, as in Glyptostrobus heterophyllus , Rr. The spreading leaves are often 
provided with an acute and usually straight point, and, but seldom, a little curved ; when 
this is the case, they have at all events a great likeness to our Sequoia. 

As we have the branches, fruits, and seeds of this tree, the determination of the 
; genus is undoubted. It resembles in all its principal points Sequoia , Endl. It has 
decurrent leaves, globose cones with peltate scales. They are provided on the surface 
with wrinkles radiating from a small mucro. 

Several flat-winged seeds are lying under the scales. The scales and seeds very much 
resemble those of Sequoia sempervirens. Lamb., of California (cf. this cone, Plate LX. 
fig. 48, and the seeds of this species, fig. 47, magnified 47 b) ; but the nucleus of the 
seed is somewhat curved in the fossil species. The leaves are quite different, those of 
the sterile branches of Sequoia sempervirens being distichous and long linear, almost as in 
Taxus baccata , Linn. The Sequoia Couttsice approaches S. gig an tea ( Wellingtonia , Lindl.) 
in the form and position of the leaves, but differs in the much smaller cones. The Bovey 
species is in some measure intermediate between the two existing species. 

In comparing the species of Bovey with the tertiary species of Sequoia , the S. hangs - 
dorfi, Br., will be first taken into consideration. The cones are very similar (cf. Flora 
Tertiaria Helvetia?, pi. 21. fig. 4 d, pi. 146. fig. 16 ; and Ludwig, Paleeontographica, 
Band viii. pi. 15. fig. 1); but this species has the leaves of S. sempervirens. Our species 
still more resembles S. Hardtii *, the scales of the cones being of the same length and 
form, but Unger and Ettingshausen describe the cones as subconical, and the seeds as 
provided with a mucro ; further, the leaves of the fertile twigs are more acute, and 
those of the sterile ones are linear and spreading. The Bovey species differs from 
S. Stepihergi ( Araucarites , Gp.) in the much more slender twigs, and the different con- 
struction of the leaves. It differs from S. Ehrlichi, Ung., in the shorter leaves and the 
globose cones. 

If we compare all the Sequoia; now known, we have to place them in the following 
manner : — - 

1. Sequoia gigantea , Lindl. ; California. 

2. Sequoia Ehrlichi, Ung. ; tertiary formation near Spital in Austria. 

* Cupressitet Hardtii, Goeppert, Monogr. der Fossilen Coniferen, p. 184. 

Cuprestitc « taxiformit , Unger, Chloris protogtea, p, 18, pi. 8. figs. 1-8, pi. 9. figs. 1-4. 

Chameecyparitet Hardtii , Endl. Synopsis Conifer, p. 277 ; Ettingshausen, Flora von Haering, p. 85, pi. fi. 
figs. 1-21. 

Ekdlichxb and Ettinoshaubew have wrongly referred this species to OkameBcyparit ; the loaves 
of which genus are opposite, and ranged in four rows round the branch, whilst they aro alternate in 
8. Hardtii, as in Sequoia ; the cones of Chameecyparis are much smaller, and the seeds have a tbwfcer 
nucleus, the base and point of which are not surrounded by the thin wing. This species has no doubt been 
referred to Chamacyparit by Ujtgeb from a comparison with Cupretftu thurifera, Hurab. et Bonpl. (Qhmna- 
eyparit, Endl.). 
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•v 8. Sequoia Sternbergi , Gp. * ; has a wide distribution in the Miocene formation,, from 
Senegaglia to Iceland. 

4. Sequoia Couttsioe , Hr. ; Bovey. 

5. Sequoia Hardtii , Gp. ; Haering and Armissan. 

6. Sequoia Langsdorji, Br. ; spread over the whole Miocene formation, in Italy, 
Germany, Switzerland, France, Isle of Mull, Greenland, Bear-lake River, Vancouver 
Island, from the Unga at the shore of Aleski, Russia near Orenburg. 

7. Sequoia sempervirens , Lamb. ; California. 

The genus Sequoia probably begins in the cretaceous formation; for Geinitzia ( Cycar 
dopsis, Deb.) is so nearly related to Sequoia, that, according to Dr. Debey, it can scarcely 
be separated from this genus, and may be considered as the predecessor of it. This 
genus most abounded in the Miocene time ; it was spread over the whole Continent as 
far as we know. In the present creation we have but two remains of this type, both 
found only in California. These two living species represent the two extremes of all 
the known forms. Of the fossil species, S. Langsdorji especially approaches to S. semper- 
virens, and S. Ehrlichi and S. Sternbergi to S. gigantea. S. Couttsice is the intermediate 
species between these two principal types. 

I now proceed to describe the Bovey specimens. 

The annual twigs (Plates LX. figs. 9-20 ; L1X. and LX. figs. 7 & 8, magnified) are 
very slender, often of considerable length (figs. 14-16), without producing lateral twigs. 
The leaves cover the twigs like scales, which are mostly very close together (Plate LX. 
fig. 10); on the long twigs they are more distant. At the base of the young shoots they 
are always closer and shorter (fig. 7), a little more outwards they are more distant. The 
leaves are alternate, though sometimes two are nearly opposite, but never exactly so. 
All the leaves are decurrent at the base. The very short scale-like leaves are somewhat 
falcately curved (cf. Plate LX. fig. 13, magnified), and still more so are the leaves which 
are more distant from one another (Plate LX. figs. 14, 15 & 17). These leaves are 

* I have already tried to show, in my * Flora Tertiaria Helvetia),’ iii. p. 317, note, that Araucarites Stem • 
bergi, Gp., belonged to Sequoia. Mass along a has given, in his ‘ Specimen Fhotographicum,’ pi. 21, a 
photograph of his Araucarites venetus of Chiavon. He said that the leaves and twigs were not different 
from those of Araucarites Sternbergi ; he took it for a different species, because he thought, with TJngeb 
and Ettingsuausen, that the cone > presented under the name of Araucarites Ocepperti, St. (Sternberg, 
Pflauzen der Yorwelt, pi. 89. fig. 4; Goeppert, Fossile Couiferen, pi. 44. fig. 2), was to be referred to A. 
Sternbergi. But we have shown, in the ‘ Flora Tertiaria,’ that there are no sufficient reasons for it ; and 
the circumstance that conos are found, in Chiavon, on a twig which is not to be distinguished from A. Stem- 
bergi, and also immediately beside similar twigs in Iceland (quite different from A. Ocepperti), confirms 
this opinion. The cone of Chiavon is much compressed, and lies in a lateral position, while the cones of 
Iceland represent the trunBverse section (as do the pieces represented by Stebnbebg, ‘ Flora der Vor welt,’ ii. 
pi. 57. figs. 1-3, as Steinhauera subglobosa, Presl, which, according to my opinion, belong to this species). 
The scales of the cones are small and in great numbers, and very different from Araucaria, while the cone 
figured by Mabsalonga has a great resemblance to that of Sequoia gigantea. The seeds represented as 
Steinhauera quite agree with Sequoia, 
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acuminate, and the point is curved outwards (Plate LX. fig. 14 6, somewhat magnified). 
Amongst the great number of twigs I have seen, there was only one with much longer 
linear leaves (Plate LX. fig. 12, magnified fig. 12 a a) than they commonly appear 
in Sequoia Ilardtii. Twigs with such long leaves therefore must be very rare. The 
small portion of a twig which is represented in fig. 9 (magnified) forms the intermediate 
form of this leaf. The leaves are always rigid, and provided at the back with an elevated 
edge, which runs to the apex of the leaf. The biennial twigs (Plate LX. figs. 1 & 2) 
are much thicker and also quite covered with leaves, which are scale-like, applied to the 
stem ; they are broader than the leaves of the annual twigs, and closer together at the 
base of the twigs. They show at different places the scars on which the alternate shoots 
have been fastened. I only saw one branch with whorled twigs (Plate LIX. fig. 13). 
The branches of three years (Plate LIX. figs. 9 & 11) are 5 to 6 millims in breadth. 
We see on them numerous cicatrices of branches, which indicate the insertion of the 
twigs. The leaves are nearly of the same size as those of the biennial ones ; they are, 
however, not so close together ; they are scaly, adhering to the twigs, and the epidermis 
is provided with many longitudinal wrinkles. These twigs are thicker at the base 
(Plate LIX. fig. 11). As there are many twigs found thus thicker at the base, they 
appear to have separated themselves very easily from the stem at the place of insertion. 
The leaves disappear on still thicker and therefore older twigs, and only small scars 
remain on the bark. Beside these branches of different ages, there are trunks which 
probably belonged to this tree. 

The cones are solitary or in pairs (Plate LIX. fig. 14, restored fig. 15), on rather 
slender twigs quite covered with scaly leaves. They arc globose (Plate LIX. fig, 16, 
restored fig. 17 ; fig. 14), or shortly oval (fig. 19), from 15 to 24 millims. in length, and 
from 15 to 17 millims. in breadth. The scales are peltate, the footstalk is short, and 
seems to be central (Plate LX. figs. 29, 30 & 33) ; the upper side is polygonal, but this 
form is not constant ; in the middle is a very short mucro, from which originate several 
wrinkles that radiate to the margin ; the surface is therefore pretty roughly wrinkled. 
Cones in which the scales are closed are rare (Plate LIX. figs. 14, 16 & 18). They 
must have been enveloped by the clay when still fresh. They are often spread open and 
the scales separated from one another, and the spaces filled with clay (Plate LX. figs. 27 
& 28) ; or we have but solitary scales or portions of cones (Plate LX. figs. 29-35). 

There are several seeds beneath every scale (Plate LX. fig. 25); they are also very 
often scattered between the twigs. The seed is usually 5 millims. long and 3^ millims. 
broad, and flat ; it is somewhat emarginate at the point of insertion, obtusely rounded 
and a little tapered towards the tip. The nucleus is somewhat curved and pretty flat: 
It is surrounded by a flat wing (Plate LX. figs. 37-41 ; fig. 41 b, magnified). 

In the lignite of Bovey both small and very large pieces of resin are found, which 
were probably secreted by the Sequoia Couttsiee. 

The lignite of Bovey contains very large stems, the zones of which are mostly distinct 
and crowded ; in several stems I could count a hundred of them. One can easily split 
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them longitudinally ; but they become quite hard and brittle in the air, and crumble if 
cut. They are then brown or black. . The microscopical examination did not give me 
satisfactory results. I certainly recognized the elongated woody fibres, but in most cases 
I was not able to distinguish the structure of their walls, which is very obscure. How- 
ever, in some cases I saw pores, which are ranged in one row (cf. Plate LXXI. figs. 8 
& 9), and, further, the medullary rays, which are formed from a single row of cells (Plate 
LXXI. fig. 8). There is no trace of spiral or reticulated vessels. The structure of the 
medullary rays and of the fibres proves it to be coniferous wood. As Sequoia Couttsice is 
the only coniferous tree hitherto found in the lignite-beds «of Bovey, and was the com- 
monest tree of that country, it is very probable that most of the wood belonged to it. 


B. Monocotyledons. 

Order I. GLUMACEiE, BartL 
Fam. I. GEAMiifE^:, Juss. 

1. Phragmites, Trin. 

9. Phragmites (eningensis, A. Br. 1 (Plates LXIV. fig. 1 d; LXV. fig. 13 a; and 

LXYIII. fig. 2.) 

Phr. foliis latis, multinervosis, nervis interstitialibus tenuissimis. 

Heer, Flora Tertiaria Helvet. i. p. 64, pi. 22. fig. 6, pi. 24. 

Only some small parts of leaves ; the determination is therefore uncertain. We 
observe very slender secondary nerves between the strong longitudinal nerves. We can 
count twelve of them, all equally strong, between two longitudinal nerves, while in 
Phr. oeningensis the median nerve is always a little stronger. In the same layer (in 
the 17th bed of Bovey) there are also some indistinct remains of culms, which probably 
belong to these fragments of leaves ; likewise the pieces figured in Plate LXYIII. fig. 2, 
which all represent horizontal sections of culms. Fig. 2 a represents the section of a 
a knot, where, as in Phragmites communis , we have a middle part, which appears as a 
circular umbo, and around it the wall of the culm. 

2. Poacites, Br. 

10. Poacites, sp. (Plate LXYIII. fig. 3.) 

Bovey (Dr. Falconer). 

It is a thin, finely striated grass-culm, on which we perceive a knot. It is 2-^ millims. 
in breadth. It is not sufficient for a more exact determination, but seems to prove that 
small grasses existed in that country. 


7 a 
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Fam. II. Cypebaceas, DC. 

3. Cyperites, Hr. 

11. Cypebites deperditus, m. (Plate LX. fig. 54.) 

C. fructibus parvulis, ovatis, apice acuminatis, tenuissime striolatis. 

In the 26th bed of Bovey ; fragments only. 

Under the name of Cyperites , I have comprised in my ‘ Flora Tertiaria ’ those remains 
(leaves, culms, and fruits) belonging to plants of the family of the Cyperaceee which 
it is not possible now to refer to any genus. The fruits in question very much resemble 
those of Carex, and belong probably to this genus. They are like those of Carex recog - 
nita. Hr., from Rochette. The fruit is 4 millims. in length, and at the base 2f millims. 
in breadth ; it is there obtusely rounded, but tapered and acuminate at the apex. It 
is provided with very fine longitudinal strise. 


Order II. PRINCIPES, Linn. 

(PalMxE.) 

1. Palmacites, Hr. 

12. Palmacites D^emonorops. (Plates LXII., LV. figs. 7-15.) 

P. spatha coriacea, longitudinaliter tenuissime striata granulataque, aculeata, aculeis 
crebris seriatim in lineis oblique transversis conjunctis, compressis, subulatis, rectis, 
simplicibus, binis, trinis, vel ad summum senis, adpressis ; caudice gracili, aculeato, 
fasciculis vasorum rigidis, interne planis vel sulco exaratis. 

Palasospathe Dtemonoi'ops, Unger, Sylloge Plantar. Fossil, p. 9, pi. 2. figs. 9-12. 

Ckamcerops teutonic a, Ludwig, in Meyer’s Palecontogr. viii. p. 86, pi. 20. figs. 2 & 3. 

Pretty common in the clay of the 26 th bed of Bovey. 

Chiefly the prickles are found at Bovey. They are black as coal, brilliant, very thin, 
and taper to a fine point. Their length varies from 4 to 50 millims. The longest are 
only 3 millims. in breadth at the base (cf. Plate LV. fig. 13). They are flat, and provided 
with a very shallow longitudinal depression (Plate LXII. fig. 9 5, a specimen highly 
magnified), which in some cases becomes almost a furrow. There are mostly three of 
them together (Plates LXII. fig. 1, and LV. figs. 11 & 15), and the median one is the 
longest (Plate LXII. figs. 2, 10 & 11, magnified). Sometimes there are but two toge- 
ther, or they are single ; or, on the contrary, there are four, five (Plate LXII. fig. 3), or 
more prickles forming a group. In many pieces I am persuaded that tfiey are not fast - * 
ened on the margin of an organ, but pretty regularly distributed on a plane surface. 
Therefore they cannot be simple prickles of the petioles of leaves, as of Chameerops , 
for which Ludwig has wrongly taken them, as I was convinced on looking at the pieces 
represented in Plate LXII. fig. 1, and still more when I washed them in water. We 
see then that the bundles of prickles are fastened on and pressed against a very finely 
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striated plane surface, which is provided with minute warts (Plates LXII. fig. 7, and 
LV. figs. 11 & 12). They are broader at the base. The form of these prickles, their 
position (mostly three together, and the median of them the longest), and their direc- 
tion (all are directed forwards and pressed against the surface) agree so well with the 
organs represented by Unger from Laubach in the Wetterau, and by Ludwig from 
Salzhausen and Hessenbrucken, that we may be persuaded of their belonging to the 
same plant. Unger compares these prickles with those which appear on the spatha of 
Damonorops. We have indeed in D. polyacantha , Martius (Palm®, pi. 160), and D. 
melanochastes , Blumc (Martius, pis. 117 & 125), very similar flat prickles, which are 
broader at the base. There are often three together, the median one of which is also 
the longest. As at Bovey, these bundles of prickles are often fastened on a flat, spread- 
ing, finely striated organ, which is several millims. in thickness, which may be easily 
taken for a spatha. But it is quite unsuitable to found the name of the genus upon 
this spatha, and to describe this plant as Palceospathe , for we find the same prickles 
also attached to the stems. I have found at Bovey, in the 26th bed, the stem of a 
palm, on which such a bundle of prickles was attached. Unhappily it was ruined on 
the journey. On the contrary, several of these stems, which I collected in the same 
layer containing the prickles, have remained entire. Some of them are represented in 
Plate LV. figs. 7-10. They are from 15 to 17 millims. in thickness, and consist of a 
bundle of fibres which are converted into coal, and appear like brilliant coal-black 
threads. Each fibre (or bundle of vessels) is flat on the inner side, which is turned 
towards the centre of the stem, or furrowed longitudinally ; on the outer side it is con- 
vex; it represents, therefore, on a transverse section, more or less, a half circle or a 
crescent. These fibres are in some pieces close together, and in others further apart ; 
the latter are probably from the middle, and the former from the periphery of the stem. 
Some of the fibres attain a thickness of 1 millim., but many are much thinner. In many 
pieces these bundles of vessels form a stem (cf. figs. 8 & 9). Sometimes they are free, 
and appear like long black fibres scattered in the clay ; or beside the united ones we 
see numerous scattered bundles (cf. Plate LV. figs. 7 & 10). These organs very much 
resemble the bundles of vessels which appear in the lignite of Kapfnach ( Palmacites 
helveticus, Flora Tertiaria Helvetia, p. 94, pi. '40. fig. 1); but such thick pieces have not 
hitherto been found at Bovey. The stems were thin, and probably the petioles may 
have been so too. The construction of the bundles of vessels shows indeed that they 
belonged to a monocotyledonous plant, and confirms the conclusion derived from the 
prickles attached to the spatha. 

I found at the same place several fragments of leaves (Plate LXVIII. fig. 1) which 
certainly belong to a monocotyledonous plant, and perhaps^ therefore, to the species in 
question. They are broad portions of leaves, with numerous fine longitudinal parallel 
8tri© of equal strength ; nine of them occupy 1 millim. They are therefore very close. 

. Mr. Pengelly found a fruit at Bovey* which probably belongs to the plant in ques- 

* I have seen only a drawing of this. 

7x2 
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tion. It is oval (cf. Plate LX. fig. 50 ; magnified, figs. 61-53), 13 millims. in length 
and 10 millims. in breadth, and covered with scales. It resembles the fruit of the 
Rotang palm; and as the prickles and the construction of the stems point to these 
palms, we may combine these organs, and conclude that this palm grew at Bovey. 
In connexion with this I may mention that large pinnatifid leaves (cf. Flora Tertiaria 
Helvetise, iii, pi. 149), which belong to a Rotang palm, have been found at Oeningen. 
I have described them as Calamopsis. The palm of Bovey belongs perhaps to this 
genus ; but I thought it better to place it in the collective genus Palmacites , which 
contains the different organs of palms which cannot yet be ranged in a fixed genus. 
These prickles have not been found at Oeningen up to the present time; and the petioles 
of Calamopsis are without prickles. Similar black prickles, however, appear in different 
genera of palms (for instance Badris), but they are certainly most frequent in the group 
of the Calamece , Kunth ( Lepidocaryince , Mart.). 


C. Dicotyledones. 

Coh. I. APETALJE. 

Order I. AM ENT AGILE. 

Fam. I. CupulifeRjE, Rich. 

1. Quercus, Linn. 

13. Quercus Lyellt, m. (Plates LXIII. figs. 2-9 ; LXIV. figs. 1-4; LXV. fig. 12 b; 
LXVI. figs. 1 & 2 ; LXVIII. figs. 4 & 5.) 

Q. foliis subcoriaceis, petiolatis, lanceolatis vel oblongo-lanceolatis, basi attenuatis, 
margine undulatis, apice acuminatis, nervo primario valido, recto, nervis secun- 
dariis numerosis, curvatis, apice furcatis, ramulo superiore margini valde approxi- 
mate. 

Phyllites cuspidatus , Rossmassler, Beitrage zur Versteinerungskunde, p. 36, pi. 9. 
figs. 38 & 39. 

It frequently appears in the 17th bed at Bovey. 

Three forms are distinguishable: — 1. narrow lanceolate leaves, which are strongly 
tapered at the base, and the margin of which is slightly undulated (Plates LXIV. 
fig. 1 b, c; LXIII. figs. 3 & 8) ; 2. narrow leaves, with almost parallel sides in the middle 
(Plate LXY. fig. 12 b) ; 3. broad leaves, which are distinctly undulated at the margin 
(Plate LXVI. figs. 1 a & 2 ; LXIII. figs. 5-7). Tlfis last form is the- most frequent, 
and is to be considered as the typical. These leaves are of a pretty hard texture, but 
they seem to have been less leathery than those of Q. furvinervis. There are no entire 
leaves preserved ; however, with the aid of the different pieces we can complete one. 
They were broadest in the middle, and gradually tapered towards the petiole and apex. 
In most of the fragments the petiole is not preserved. The piece represented in Plate 
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LXIII. fig. 9 shows us a petiole 14 millims. in length, in which it differs from Q.furvi- 
nervis. The pieces represented in Plate LXVIII. figs. 4 & 6 show us that the apex of 
the leaf was very long. The piece represented in fig. 5 had a very tapered apex. ' The 
broad leaves have a pretty strongly undulated margin (Plates LXIV. fig. 1 a, and LXIII. 
fig. 7, magnified 7 b) without forming teeth. The median nerve is strong and straight. 
Numerous secondary nerves spring from it at an angle, of 50°. They are rather strongly 
curved, and reach nearly to the margin, where they fork, and the upper branch bends 
forward and, running parallel with the margin to the next following secondary nerve, 
joins it. The lower branch of the fork is very small and slender, or quite wanting in 
slightly undulated leaves, and at the places where the undulation is wanting. This 
course of the secondary nerves is very characteristic of our species, as of Q. furvinervis 
and Q. undulata. The areas are divided into secondary areas by continuous, soidetimes 
forking nervules. A polygonal reticulation may be perceived in them, wliich encloses 
a still more delicate one (cf. Plate LXIII. fig. 7 b). 

Rossmassler has described two forms of leaves from Altsattel as Phyllites furvi- 
nervis and Ph. cuspidatus. The latter differs from the former in the undulated margin 
(which is not toothed), and the long tapering point. As I also got from Wcissenfels the 
toothed form with an elongated point, I formerly united Ph. cuspidatus with Ph. furvi- 
nervis (cf. Beitriige zur nahem Kenntniss der sachsisch-thiiring. Braunkohlcn-flora, von 
O. Heer ; Abliandlungen des naturw. Vereins fur die Provinz Sachsen und Thiiringen, ii. 
p. 424), and I described the form with the narrow leaves as Q. furvinervis cuspidata. 
But as at Bovey there is found only the form with the undulated leaves, and as there is 
a petiole (which is not preserved with the leaves of Altsattel) which by its length gives 
us a new distinctive character for Phyllites cuspidatus , I have separated it from Ph. fur- 
vinervis. The name given by Rossmassler could not be retained, as there is already a 
Quercus cuspidata , Thunb. The principal distinction between Q. hyelli and Q. furvi- 
nervis consists in the length of the petiole, and in the latter species having undulated 
leaves. 

Further examination, and a comparison of more copious material, will show if these 
differences are specific or not. They belong, at all events, to the same type, which was 
very frequent in the Lower Miocene period, and of which similar species are still living in 
Mexico (for instance, Q. xalapensis , Thunb.). Quercus undulata, O. Weber* (Paleeonto- 
graph. ii. p. 170, pi. 19. figs. 1, 2 a Sc b), is also a very similar species. In the undulated 
margin, and the manner in which the secondary nerves run, it is like Q. hyelli ; but the 
median nerve of this species is straight and much stronger, not undulated ; the secondary 
nerves are more numerous, and spring at less acute angles. 

I still doubt if the leaf represented in Plate LXIII. fig. 7 belongs to the species in 

* The leaves (pi. 19. fig. 2 a & ft) in Weber’s * Abhandlung * belong, according to my opinion, to 
Quereut undulata, and are different from Q. Ocepperti (pi. 19. fig. 2 c), in which the leaf is rounded at the 
base. I may mention that the leaf which Ludwig- (Palseontogr. viii. pi. 84. figs. 1-4) has repres ente d as 
Q. furvinervis, belongs to another species. 
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question. The form and kind of tapering at the base agree, but it has more numerous 
and more crowded secondary nerves. 

I found in the 26th bed at Bovey several fragments of bark which probably belonged 
to ail oak, and therefore might belong to the species in question. The bark is very thick 
and corky, provided with deep longitudinal furrows, and in some places furrowed trans- 
versely (cf. Plate LXVIII. fig. 6)* 

Fam. II. More^e, Endl. 

2. Ficus, Touraef. 

I have already mentioned in my ‘ Flora Tertiaria ’ (ii. p. 64) that the leaves of many 
living species of fig-trees (I allude to the species which have leaves similarly shaped to 
Ficus fulva , Spr., F. rubra , Spach, F. ferruginea , Desf., and F. phytolaccaafolia , Hort. 
Berol.) have a granulated appearance and a rough surface due to numerous little 
warts which cover the epidermis, and that the tertiary flora of Switzerland also pos- 
sessed two species, the leaves of which had the same rough surface. It is very curious 
that there are in the 26th bed at Bovey leaves which are granulated in this manner; and 
one of them is very near to Ficus scabriuscula , Hr. I therefore believe that I am not 
mistaken in ranging these three species under the genus Ficus. The following facts 
indicate that the granulation belongs to the leaf and not to the stone: — 1. The stone 
certainly is finely granulated ; but these granules are larger than the small points of the 
leaves, which can only be seen with the aid of a lens, and which are all of the same size ; 
2. they are regularly spread over the surface of the leaf; 3. they are on all the pieces 
of this species, but not on the leaves of other plants (e. g. Cimiamomum lanceolatum , 
Daphnogene Ungeri , and Lastrcea Bunburii ), which are lying in the same clay. 

14. Ficus Falconkri, m. (Plates LXIII. fig. 1 a; LXIV. figs. 6 & 7 ; LXVI. fig. 4.) 

F. foliis coriaceis, magnis, confertissime granulatis, elliptico-lanceolatis, apice longe 
acuminatis, nervis secundariis subtilissimis, remotis, valde curvatis. 

The leaf represented in Plate LXIV. fig. 7 is the best preserved. The upper part is 
quite perfect, but the base is wanting. It is entire, and 12 millims. wide in the middle; 
it is gradually tapered towards the apex, forming a long narrow point. The secondary 
nerves are very delicate, and there are but few to be discovered with the lens. They 
are strongly curved, and form arches, which are far from the margin. The areas are 
divided by very delicate nervules, and filled up with a very delicate reticulation. The 
rigid points which cover the whole surface are very small, and only to be seen with a 
strong lens. Plate LXIV. fig. 6 is the point of the leaf, the secondary nerves of which 
are more distinct. 

It is still doubtful if the leaf represented in Plate LXIII. fig. 1 a belongs to this 
species. It shows the same peculiar sculpture (cf. fig. 1 a a), and also very delicate 
secondary nerves ; but they approach nearer to the margin, and are much less directed 
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towards the apex. This leaf is very like Ficus obtusata, Heer *, and belongs perhaps 
rather to this species ; but as the specimen is incomplete, it is better to unite it with 
Ficus Falconeri. It may be that the areoles of the small areas are not so long 
(cf. fig. 1 a a magnified, and 1 a a a still more magnified) as those of Ficus obtusata. 
They are quite covered with little warts. The secondary nerves of the leaf in question 
are also very delicate, and united in strongly curved arches at the end. The areas are 
divided by means of delicate nervules into secondary areas, in which is the fine polygonal 
reticulation (fig. 1 a a). 

15. Ficus Penqellii, m. (Plates LXV. figs. 7 & 8, and LXVI. fig. 3.) 

F. foliis coriaceis, longe petiolatis, confertissime granulatis, ellipticis, basi apiccque 
attenuatis, nervis secundariis remotis, angulo acuto egredientibus, valde curvatis. 

The leaf represented in fig. 8 shows the same peculiar sculpture as the former species 
(cf. fig. 8 b , where the portion of a leaf is magnified); it is more indistinct in the second 
leaf (fig. 7), which belongs to the same species. The species in question differs from the 
former one in the elliptical form of the leaf, which has no long point, and the acute 
angle of the secondary nerves. The leaf is broadest in the middle and equally tapered 
at both ends, so that the sides form pretty regular curved lines. The secondary nerves 
are delicate, springing from acute angles, strongly bent towards the apex, and thus 
form long arches. The principal areas are divided by means of delicate nervules into 
secondary areas, in which the polygonal areas are covered with very small rigid points 
that are only to be seen with the aid of a strong lens. The petiole is very long, and 
rather slender. It belongs to the same section as Ficus phytolacccefolia , Hort. Berol. 

16. Ficus eucalyptoides, m. (Plate LXV. figs. 3, 4 & 5.) 

F. foliis coriaceis, lanceolatis, confertissime granulatis, basi apieeque attenuatis, nervis 
secundariis subtilissimis, valde curvatis. 

This is another hard leathery shining leaf, but much smaller than that of the former 
species. It is broadest in the middle, and almost equally tapered towards both ends. 
It is doubtful if a petiole existed. Very delicate secondary nerves spring from the 
median nerve ; they are jointed in strong arches. The surface is also covered with very 
delicate warts. It is like the leaf of Eucalyptus oceanica , Ung., in form, but differs 
especially in the surface, because Eucalyptus has quite a smooth leaf. 

* Flora Tortiaria, ii. p. 65, pi. 82. figs. 5 & 6, pL 100. fig. 14. 
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Order II. PROTEINS. 

Fam. I. La urines, Vent 
1. Laurus, Linn. 

17. Laurus primigenia, Ung. (Plate LXV. fig. 6.) 

L. foliis subcoriaceis, late lanceolatis, acuminatis, nervo primario valido, nervis secun- 
dariis tenuibus, sparsis, sub angulo acuto egredientibus. 

Unger, Fossile Flora von Sotzka, p. 38, pi. 19. figs. 1-4. 

Heer, Flora Tertiaria Helvetia;, ii. p. 77, pi. 89. fig. 15 ; iii. p. 184, pi. 153. fig. 3. 

In the 26th bed. 

The leaf represented in Plate LXV. fig. 6 agrees very well with the leaf of the Hohe 
Rhonen, which is represented in pi. 153 in my ‘ Flora.’ It is dark brown, rather hard, 
smooth and entire, and gradually tapered towards the base. The secondary nerves are at 
a distance from each other, strongly curved, and form long arches near the margin. 
The large principal areas are divided into secondary areas by fine nervules. The apex 
of the leaf is not preserved. 


2. Cinnamomum, Burm. 

18. Cinnamomum Rossmassleri. (Plate LXVII. figs. 17 & 18.) 

C. foliis ellipticis vel oblongo-ellipticis, triplinerviis, nervis lateralibus acrodromis api- 
cem attingentibus, nervatione in areis reticulata. 

Flora Tertiaria Helvetia;, ii. p. 84, pi. 93. figs. 15-17. 

Phi/llites cinnamomum , Rossmassler, Versteinerungen von Altsattel, p. 23, ta£ 1. 

fig. 4. 

Daphnogene cinnamomifolia, Unger, Genera et Spec. Plant. Foss. p. 424. 

Bovey Tracey, in the 17th bed. 

The two fragments figured are the only ones which were found ; their apices are 
wanting, the determination therefore cannot be considered as quite sure. The leaf, 
however, agrees in its size, form, and nervation with C. Rossmdssleri. Only a little 
piece is wanting in the leaf represented in fig. 18, as the raised sides show; the two 
lateral nerves run, however, to the end of the preserved part, and are so distinct there 
that undoubtedly they reached to the apex, which forms the principal character of the 
leaf, which is nearly related to 0. zeylanicum , BL, and still more to C. eucalyptoides , 
Nees (C. nitidum , Hook.). The leaf has a tolerably slender petiole; it is broadest in 
the middle, and equally tapered towards both ends. The two lateral nerves springing 
above the base are pretty strong, and run parallel with the margin. The very delicate 
nervules spring at right or at least not very acute angles. 
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19. Cinnamomum Scheuchzeri. (Plates LXVII. figs. 9-16; LV. fig. 4 e ; LXVIII. 
fig. 12.) 

C. foliis petiolatis, ellipticis, ovalibus et oblongis, triplinerviis, nervis lateralibus 
margine parallelis vel subparallelis, apicem non attingentibus ; pedunculis articu- 
latis, pedicellis apice incrassatis, fructibus ovatis. 

Flora Tertiaria Helvetia), ii. p. 86, pi. 91. figs. 4-24, pi. 92, pi. 93. figs. 1-5. 

Rather frequent in the 17 th and 26 th beds at Bovey. 


These are leathery, entire, and three-nerved leaves, which are broadest in the middle, 
and gradually and equally tapered towards both ends ; they are acuminated at the base 
in the same manner as at the apex, without running into the petiole ; the sides form 
almost regularly curved lines. The two strong lateral nerves are jointed above the 
base of the leaf; they are mostly opposite (Plate LXYII. figs. 11, 13 & 16), the one 
seldom a little higher than the other (Plate LXYII. figs. 10 & 15) ; they run parallel 
with the margin. They do not reach to the apex of the leaf, but they unite above the 
middle of the leaf with a secondary nerve of the midrib (figs. 10 & 11). The areas are 
provided with very delicate nervules, which spring at almost right angles. I found the 
two flowers which are represented in Plate LXVIII. figs. 13 & 13 c (magnified 13 b 
and 13 d) in the 26th bed of Bovey. They very much resemble the flower from Oeningen 
represented in the ‘Flora Tertiaria Helvetia,’ pi. 91. fig. 23 b, and therefore probably 
belong to Cinnamomum Scheuchzeri. The leaflets of the perianthium of the flower 
represented in fig. 13 c are indistinct; they are much better preserved in fig. 13 (mag- 
nified 13 6). There are six leaflets, standing in two whorls around a circular wall. 
The leaflets are hard, shortly oval, obtusely rounded at the apex, and provided with 
longitudinal striae. They are shorter and broader, and more obtusely rounded than in 
Cinnamomum polymorphum, A. Br. (cf. Flora Tertiaria Helvetia, pi. 94. figs. 1-5). We 
have beautiful branches from Oeningen with leaves of this species. We lately got a 
branch with the inflorescence, which confirms the systematic position which I assigned 
to the leaves. I therefore represent this branch in Plate LXVII. fig. 12. Numerous 
flowers, still in the state of buds, but nearly breaking off, are lying together, and some- 
times one above the other, so that it is not possible to find out their insertion with 
certainty. One sees, however, that the peduncles spring from the axils of the leaves, 
and we have therefore an axillary inflorescence. The peduncles are club-shaped above, 
and this part forms with the bud an almost globose body, on which the leaflets of the 
perianthium are indicated at some places. These peduncles lengthen afterwards and 
'"become more sharply articulated, as the peduncles and fruit-stalks which I have 
represented in my ‘Flora Tertiaria ’ (pi. 91. figs. 4-7) show. 

It is very like C. pedunculatum, Thb., from Japan. 


20. Cinnamomum lanceolatum. (Plates LXVII. figs. 1-8 ; LXVIII. figs. 14 & 15.) 

C. foliis petiolatis, lanceolatis, basi apieeque acuminatis, triplinerviis, nervis lateralibus 
margine parallelis, approximatis, acrodromis, apicem non attingentibus. 

MDCCCLXII. 7 F 
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. Flora Tertiaria Helve tiee, ii. p. 86, pi. 93. figs. 6-11. 

Daphnogene lanceolate^ Unger, Fossile Flora von Sotzka, p. 37. 

Bather common in the 17th and 26th beds ; it is also a leaf of the 64th bed. 

Is like C. Scheuchzeri, , but differs from it in the leaves being narrower, longer, 
elongated into a long point, and tapering towards the petiole. 

The leaf is also leathery, strongly tapered towards the base, and gradually towards 
the apex, forming a long sharp point. The two strong lateral nerves are near the mar- 
gin and run parallel with it ; delicate secondary nerves proceed from the median nerve 
above the middle of the leaf and join them ; several delicate secondary nerves follow 
more outwards. The areas are traversed with very fine nervules, and the secondary areas 
which these form are filled up with a fine polygonal reticulation. The nervules spring 
at almost right angles, and the upper secondary nerves at acute angles. Fig. 1 repre- 
sents a leaf of the 26th bed, the others are of the 17th; figs. 5 & 6 represent young 
leaves. 

• 3. Daphnogene, Ung. 

21. Daphnogene Ungeri, Hr. (Plate LXV. figs. 1 & 2.) 

D. foliis lanceolatis, basi subrotundatis, longe pctiolatis, triplinerviis, nervis basilaribus 
margine subparallelis, nervulis obsoletis. 

Flora Tertiaria Helvetice, ii. p. 92, pi. 96. figs. 9-13. 

Ceanotkus lanceolatus , Ung., Fossile Flora von Sotzka, p. 49. 

Bovey, in the 26th bed. 

This leaf differs from those of Oinmmomum Scheuchzeri and C. lanceolatum in being 
widest below the middle, and in the delicate nervules being absent in the large areas. In 
most of the leaves of this species from our molasse, and also from Manosque in Provence, 
the base of the leaf is rounded, which is not the case in the Bovey leaves ; but since also 
at Sotzka (cf. Unger, plate 31. fig. 14) leaves occur of which the base is not so much 
rounded off, we may without hesitation unite the Bovey leaves with the above-mentioned 
species. The leaf (fig. 2) otherwise agrees very well with that which is represented by 
Unger. 

The leaves are hard, coriaceous ; they attain the greatest breadth below the middle, 
and taper gradually to the apex. The strong lateral nerves run near the margin and 
parallel with it ; they have no visible nervules in the areas. 

Fam. II. Pro trace J5, R. Br. 

4. Dryandroides, Ung. 

22. Dryandroides iiake^efolia, Ung. (Plate LXV. fig. 12 a.) 

Dr. foliis coriaceis, firmis, lanceolatis lineari-lanceolatisque, in petiolum attenuatis, 
apice acuminatis, plerumque apice dentatis, dentibus remotis, uuequalibus, nervo 
medio valido, nervis secundariis subtilissimis, camptodromis, areis marginem fere 
attingeutibus, nervatura firma, hypodroma, areolis magnis scrobiculatis. 
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Unger, Fossile Flora von Sotzka, p. 39, pi. 20. figs. 7-10. 

Heer, Flora Tertiaria Helvetise, ii. p. 100, pi. 98. figs. 1-13, plate 99. figs. 4-8. 

Only fragmentary leaves have been found at Bovey (in the 17th bed), but they cannot 
be mistaken, since they have the characteristic nervation of this species. In one piece 
(which in fig. 12 a lies upon the slab with the apex pointing downwards) part of the 
margin is still complete, and shows the sharply indented teeth which Dr. hakeasfolia 
commonly has. In the same leaf the nervation is pretty well preserved. The secondary 
nerves are very delicate, and project but very little beyond the other reticulation. To 
the naked eye, or when but slightly magnified, the leaf appears dotted, owing to the 
distinctly projecting small arches which form the reticulation. 

23. Dryandroides laevigata. (Plate LXV. figs. 9, 10 & 11.) 

Dr. foliis coriaceis, firmis, lanceolatis, basi in petiolum^ attenuatis, apice attenuatis 
plerumque integerrimis, nervo medio valido, nervis secundariis manifestis campto- 
dromis. 

Flora Tertiaria Helvetia?, p. 101, pi. 99. figs. 5-8. 

In the 17th bed of Bovey. 

It is very like the preceding species ; but the margin is generally entire, and the nerva- 
tion is more delicate, being less prominent. 

The leaf of Bovey which has been represented in fig. 10 is coriaceous, lanceolate, 
and tapering gradually towards the tip, where it ends in a point; it is entire; the 
median nerve is rather strong, but the secondary nerves are very delicate ; they reach to 
near the margin, where they form arches. The more delicate reticulation, which is 
formed by very small and densely crowded areoles, can be made out by the aid of a lens, 
but it is much less distinct than in the foregoing species. 

The leaf agrees well with that which has been represented in plate 99. fig. 7 of my 
* Flora Tertiaria.’ 

24. Dryandboides Banxslefolia. (Plate LXVIII. fig. 7.) 

Dr. foliis petiolatis, firmis, linearibus vel lanceolato-linearibus, undique argute serratis, 

* ». . 

basi apieeque acuminatis, nervis secundariis approximate, subrectis, simplicibus, 
parallelis. 

Flora Tertiaria Helvetise, ii. p. 102. 

Myrica Danksiafolia , Ung., Gen. et Spec. PI. Fossil, p. 395. 

Bovey, in the 26th bed. 

Only the portion of a leaf represented in Plate LXVIII. fig. 7 has been found at 
Bovey. It cannot be determined with certainty, as the characters which the above 
diagnosis (copied from my ‘ Flora’) contains are not recognizable in them. 

It was certainly a hard leathery leaf with a very delicate nervation. The secondary 
nerves are but slightly indicated and run towards the teeth, which are very sharply cut. 
The fragment probably represents part of the leaf near the base, like plate 100. fig, 10 

7 f 2 
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of the ‘ Flora Tertiaria Helvetia and that is the reason why the teeth are there wanting. 
We find them, however, in most of the leaves of D. Banksicefolia . 

Fam. III. Santalacejs, R. Br. 

5. Nyssa, Linn. 

m 

25. Nyssa europ^ea, Ung. (Plate LXIX. figs. 11-17.) 

N. putamine 4^—7 mm. longo, 3-6£ mm. lato, ovali, rarius subgloboso, basi truncato, 
extus striis longitudinalibus rugosis exarato. 

Unger, Sylloge Plantar. Fossil, p. 16, pi. 7. figs. 25-27. 

Frequent in the 26 th bed of Bovey. 

The fruit most probably agrees with the fragments which Unger described as found 
at Nidda in the Wetterau, and which I got from Salzhausen ; the latter are, however, 
somewhat more compressed, and consequently more flattened ; hence the wrinkled 
longitudinal ribs do not project so much. Very similar also is a fruit represented as 
Nyssa rugosa by O. Weber in the ‘ Palseontographia,’ ii. plate 20. fig. 10 c ; this fruit 
differs, however, in its shape and smaller dimensions, from two other fruits that were 
mentioned by Weber under the same name. 

We distinguish amongst the Bovey fruits three forms - 

a. Oval fruits, to 5£ millims. long and 3 to 4 millims. wide ; they are truncated 
at the base, in the fore part obtusely rounded and marked with numerous rather deeply 
wrinkled longitudinal furrows (figs. 11-14, magnified 12 b). 

b. Oval fruits, 6-7 millims. long and 4-5 millims. wide ; they are also truncated at the 
base, but somewhat rounded, marked with numerous wrinkled longitudinal furrows. They 
are shaped like the stones of Nyssa sylvatica , but are somewhat smaller (figs. 15 & 16). 

c. Nearly globose fruits, 7 millims. long and 6 to 6£ millims. wide; at the base abruptly 
truncate, with strongly marked irregular wrinkled furrows (fig. 17, magnified 17 b). 

The form a is the most frequent ; the form c has been met with in but a few pieces ; the 
form b is not rare, and corresponds most to the fruit-stones of the Wetterau. Whether 
these forms belong to one or more species, I dare not decide. 

They are very like the fruit-stones of the species of Nyssa which grow at present in 
the United States, especially of Nyssa biflora and denticulata, which are represented by 
Gartner (De Fructibus, iii. p. 216). 

26. Nyssa laevigata, m. (Plate LXIX. fig. 18, magnified 18 5). 

N. putamine 6-7 mm. longo, 4-5 mm. lato, ovali, basi truncato, leevigato, extus 
bistriato. 

In the same bed of Bovey ; rare. 

It has the same dimensions and shape as the foregoing species, but it is smooth, 
shining, and without wrinkled furrows, notwithstanding we observe on the outside two 
longitudinal lines, which are formed, as in the fruit-stones of Nyssa , by delicate striae. 
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27. Nyssa microsperma, m. (Plate LXIX. fig. 24, magnified 24 b.) 

N. putamine 4 mm. longo, globoso, extus striis longitudinalibus rugosis exarato. 

Only a single specimen from the same bed. 

It is upon the whole very like the small forms of Nyssa europcea , but it is still smaller, 
perfectly globose, truncated at the base and deeply furrowed. 

At the base of the fruit-stone appears a small hole ; the sides are marked with deep 
longitudinal furrows, and the intervening ribs are wrinkled. 

28. Nyssa striolata, m. (Plate LXIX. figs. 20-23, magnified 20 b.) 

N putamine 10-12 mm. longo, 6-8 mm. lato, comprcsso, ovali, tenuiter longitudina- 
liter striato. 

Several specimens from the 26th bed. 

It is very like the Nyssa ornithobroma , Ung. It is of the same shape and the same 
dimensions as the specimen represented by Unger (fig. 16), from which we must separate 
it, because the striae are more delicate and more densely arranged. The small nuts are 
perfectly flattened, and at the base obtusely rounded, but they terminate in the apex 
in a. small point. Along the middle of each specimen runs a longitudinal fissure, which 
was probably caused by pressure. The side is furrowed by numerous very delicate 
longitudinal striae, while the intervening spaces are smooth. 

Coh.II. GAMOPETALAS . 

Order I. BICORNES, Endl. 

Fam. I. Ericaceae, Dec. 

1. Andromeda, Linn. 

29. Andromeda vacciniifolia, Ung. (Plate LXVIII. fig. 9.) 

A. foliis coriaceis, oblongis, integerrimis, apice obtusis, basi rotundatis vel subrotun- 
datis, petiolatis. 

Unger, Fossile Flora von Sotzka, p. 43, pi. 23. figs. 10-12. 

Ileer, Flora Tertiaria Helvetiae, iii. p. 7, pi. 101. fig. 25. 

In the 17th and 26th beds of Bovey. 

I found several pieces, but only the one represented in fig. 6 has remained entire, the 
others have been ruined on the journey. This leaf certainly agrees with the leaves 
represented in my ‘ Flora,’ figs. 25 b and 25 c. The leaf has a petiole and a pretty strong 
median nerve ; the lateral nerves are obsolete, and the reticulation is not preserved. 

30. Andromeda reticulata, Ett. (Plate LXVIII. figs. 10 & 11.) 

A. foliis cori^eis, lineari-lanceolatis, acuminatis, basi in petiolum attenuates, integer- 
rimis, nervatione dictyodroma. 

Ettingshausen, Tertiare Flora von Haering, p. 65, pi. 22. figs. 9 & 10. 

Bovey ; several pieces in the 26th bed. 
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The leaf is hard, leathery, and tapers towards the petiole, narrow-lanceolate, the sides 
almost parallel ; the apex is not preserved in the leaves of Bovey. The median nerve is 
pretty strong ; the whole leaf is covered with a fine polygonal reticulation (fig. 10 5, a 
portion of a leaf magnified), which reaches from the median nerve to the margin and 
has almost everywhere meshes of the same size. Only at some few places in this reticu- 
lation there appear delicate secondary nerves, which rise at a very acute angle. It very 
well agrees in the form and nervation with pi. 22. fig. 9 of Ettingshausen’s work. 

This species is nearly related to Andromeda protogcea , Ung., and is perhaps a variety 
of it ; the reticulation is, however, much more delicate, and can only be seen with the 
lens. The leaf of Eucalyptus oceanica , Ung., is similarly shaped, but the nervation is 
different. 

Fam. II. V acciniejs, Dec. 

2. Vaccinium, Linn. 

31. Vaccinium acheronticum, Ung. (Plate LXVIII. fig. 8.) 

V. foliis subcoriaceis, ovalibus vel oblongis, integerrimis, petiolatis. 

Unger, Flora von Sotzka, p. 43 (ex parte), pi. 24. figs. 1, 3, 4 & 6. 

Heer, Flora Tertiaria Helve the, iii. p. 10, pi. 101. fig. 29. 

Bovey, -in the 26th bed. 

A small longitudinal, oval and entire leaflet with a short petiole. The median nerve 
is thin, and several delicate curved secondary nerves proceed from it. 

This leaflet is longer and more tapered at the base than those of the ‘ Flora Tertiaria 
Helvetise,’ but it certainly agrees with the leaf represented by Unger in the ‘ Flora of 
Sotzka,’ pi. 26. fig. 6, and may therefore be referred to this species. 

Order II. CONTORTS, Endl. 

Fam. I. Apoctnejs, R. Br. 

1. Echitonium, Ung. 

32. Echitonium cuspidatum, Hr. (Plate LXIV. figs. 3 b & 5 ; Plate LXV. fig. 12 c.) 

E. foliis lineari-lanceolatis, apice cuspidatis, integerrimis, nervis secundariis nume- 

rosis, camptodromis, areis margini approximate, reticulatis. 

Heer, Flora Tertiaria Helve tise, iii. p. 192, pi. 154, figs. 4-6. 

Several pieces of leaves from the 17th bed of Bovey. 

The more delicate nervation is almost obliterated in the fragments of the leaves from 
Bovey, but these agree well with our species as to their forms and the direction of the 
secondary nerves ; nevertheless this determination cannot be considered to be quite cer- 
tain. Very similar is a leaf from the lignite of the Rhine, which is represented by 
O. Weber as Labatia salidtes (Pakeontogr. iv. p. 164, pi. 28. fig. 1^; but the leaves 
of Bovey, like those of Locle, taper into a more elongated apex, and the arches of the 
secondary nerves approach nearer the margin. 
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The leaf is very long and narrow, tapering gradually towards the base ; and also 
elongating into a very long point. From the medi&n nerve spring rather numerous 
secondary nerves, which are highly incurved, forming near the margin arches that run 
nearly parallel with the latter ; these arches are very delicate, and can only be traced 
by the aid of a lens. The reticulation of the areas is only slightly indicated. 


Order III. RUBIACINA3. 

Fam. I. RubiacEuE, Juss. 

1. Gardenia, Ell. 

33. Gardenia Wetzleri, Hr. (Plate LXIX. figs. 1-8.) 

0. fructibus lignosis, oblongo-ovalibus vel ovato-lanceolatis, subcostatis et multistxi- 
atis, polyspermis, seminibus nigro-brunneis, nitidis, striis spiralibus notatis. 

Heer, Flora Tertiaria Helvetia?, iii. p. 192, pi. 141. figs. 81-103. 

Passiflora Braunii, Ludwig, Palaeontograph. viii. p. 124, pi. 48. figs. 1, 4, 5 & 16. 

Bovey Tracey, in the 34th bed. 

At Bovey no complete fruits have been found like those which we know from near 
Konigsberg, from the brown-coal of the Rhon and Wetterau and of Giinzburg, but we 
have got rather numerous^ seeds, partly still in the position which they held within the 
fruits (cf. Plate LXIX. figs. 1 & 2). These seeds agree, in respect to their position, their 
forms, and the peculiar structure of the testa, so entirely with those of the Continent, 
that no doubt can arise about the question whether they belong to the same plant or 
not. They are arranged in series, but in such a manner that they partly overlie each 
other; and in consequence of pressure the shape has been here and there somewhat 
altered, resulting in more or less deep impressions. Figures 3-6 (magnified) show the 
principal forms which the seeds of Bovey display. At the apex they taper into a small 
point, at the base they are somewhat rounded ; the colour is a shining brownish black, 
furrowed by very delicate striae forming distinct spirals, the deeper striae alternating with 
the more delicate (cf. especially the highly magnified piece of a seed, fig. 6). 

In- order to illustrate this remarkable species, which has such a very wide range, I 
have represented in fig. 7 a fine fruit that was sent me by Director Albrecht of Konigs- 
berg out of the clays of Samland &Lg. 8 represents a similar fruit from Giinzburg, remark- 
able for its great dimensions. 

In the ‘ Flora’ (l. c.) I have described this species at full length, and I have tried to 
show that it belongs to the genus Gardenia , while Ludwig refers it to PaSsiflora. It 
cannot belong to the latter genus, since Passiflora has fleshy fruits on long slender 
stalks, and seeds which axe always distinguished by peculiar little pits (“ semina impresso- 
scrobicufata ” is mentioned by Endlicher as a characteristic feature of this family). Even 
the genus Vareca, to which Ludwig refers, has fleshy hexagonal fruits, which are only 
about half an inch long, and furnished at the base with a small round cup with! & 
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notches; of the seeds each rests in a separate cell : all these are peculiarities which are 
not met with in the fossil fruit (cf. Gartner, De Fructib. et Seminib. i. p. 290). 

In the ‘Flora’ I have enlarged upon the reasons why I united these fruits and seeds 
with Gardenia. The Gardenia lutea , Fres. and G. Thunbergii, L. fil., have also ligneous 
fruits with a pericarp furrowed by similar longitudinal fibres, and they are also sup- 
ported on short and thick stalks that pass gradually into the fruit ; besides we remark, 
exactly in the same manner as in the fossil fruit of Konigsberg, represented in fig. 7 b t 
the placentae parietales forming ridges, which project from the inner surface, and which 
constituted most probably soft membranaceous partitions proceeding towards the inte- 
rior. The seeds of some Gardenias are arranged in series of which the number varies — 
in one fruit, known from the Brazils, in four, in others in more series ; the number of 
the placentae also varies from two to six. Thus we have in G. Thunbergii five, in G. lutea 
six, while the seeds lie together in great numbers and are indistinctly arranged in 
series ; they are horizontal ; in the fossil fruit they arc also horizontal, but generally 
somewhat obliquely turned towards the bottom, with the point directed towards the 
base of the fruit. They are arranged in series, which are, however, but very seldom as 
distinctly marked as is the case in the pieces represented by Ludwig. I thought I 
could distinguish five series, but Ludwig mentioned six ; and if so, we should in these ° 
fruits assume three placenta?, to each of which two series of seeds are fixed. Yet in the 
fruit from Konigsberg there seem to exist four placenta? ; two are visible in the interior 
of the one-half of the fruit of which the outside is represented in fig. 7 b, and two seem 
to be on the other half (7 a); one, which is very distinct, runs somewhat beyond the 
middle throughout the fruit, and another seems to have existed on the right side at the 
edge ; this latter, however, is indistinct and uncertain. In fig. 7 c I have represented 
the transverse section ; the line marks the place where the fruit was broken into halves : 
also from Salzhausen I got only fruits which were thus split in the middle into halves. 

I do not know upon what grounds M. Ludwig supposed that the fruit was divided into 
three valves. It was certainly an indehiscent fruit. 


Coh. III. POJLYPETALJE. 

Order I. UMBELLIFLOILE. 

Fam. Ampelideaj, Kftth. 

1. Vitis, Linn. 

34. Vitis Hookebi. (Plate LXIX. figs. 27, 28 & 29.) 

V, seminibus parvis, mm. longis, 3 mm. latis, brevibus, ovato-acuminatis, leevi- 
usculis, dorso convexiusculis, tuberculo chalazino rotundato magno. 

Bovey Tracey, in the clay of the 26 th bed. 

I have got but one single seed of this species, which, however, cannot be mistaken. 
It is very like those of the grape of Salzhausen, which A. Braun described as Vitis 
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teutonica , and of which Unger (Syllog. Plantarum, p. 23, pi. 9. figs. 1-8) and Ludwig 
(Paloeontogr. viii. p. 118, pi. 45. figs. 1-5, pi. 46. fig. 6) lately gave descriptions and 
drawings; it is a species which had a very wide range, and which I pointed out as 
occurring at Oeningen, in the brown coals of the Rhon and at Schossnitz. The seed 
of the grape of Bovey is, however,- smoother, comparatively wider and shorter ; more 
flattened on the dorsal part, and the little pits on the ventral surface are less deep ; while 
also the small wart (verruca) on the back is somewhat larger, for which reasons we 
must separate the seed of this grape as a different species. 

It is most obtusely rounded at the base, and terminates at the apex in a little short 
point; upon the dorsal part (fig. 29, six times magnified fig. 29 d) it is only slightly 
convex; the chalazal tubercle (tuberculum chalazinum) is large and nearly circular; 
upon the ventral part (fig. 29 i, c) appears a rather prominent ridge, along the middle 
of which runs, as in Vitis teutonica, a delicate longitudinal stria ; on each side of the 
ridge wc obsen^ a small pit (scrobicula), which, however, is much less deep than in 
Vitis teutonica. 

To this or the following species belong probably the grapes from the 17th bed of 
Bovey (figs. 27 & 28), which are very like those of Vitis teutonica. They are flattened, 
nearly circular fruits, in the interior of which no grains can be distinguished, as in those 
from the brown coals of Langenaubach (cf. Ludwig, l. c. p. 120). 

Fig. 29 represents the^ dorsal surface of the seed; fig. 29 b, the ventral surface; 
fig. 29c, d, magnified; fig. 29 c, section; figs. 27 & 28, grape. 

35. Vitis Iritannica, m. (Plate LXIX. figs. 25 & 26.) 

V. seminibus parvulis, 5^ mm. longis, 3 mm. latis, ovato-ellipticis, dorso planis, tuber- 
culo chalazino obsoleto. 

From the 26th bed of Bovey. 

Of this species I got two seeds, which belong probably to Vitis or Cissus ; but the 
chalazal tubercle is not distinct, and the consequent determination cannot be considered 
to be quite certain. These seeds are longer and comparatively narrower than those of 
the foregoing species ; on the ventral side we observe the prominent ridge ; the pits on 
both sides are very flat and oblong; the dorsal part is flattened. On one seed (the 
other is much compressed) we observe an oval tuberculum chalazinum, which appears, 
howevef, flat, imperfectly stamped out, and therefore .indistinct. 

Order II. POLYCARPICLE, Endl. 

Fam. Anonace^e, Dun. 

1. Anona, Linn. 

36. Anona (1) devonica, m. (Plate LXX. figs. 1-3.) 

A. seminibus ovalibus, 19-21 mm. longis, 12-14^ mm. latis, compressis, leeviusculis. 

A good many specimens from the 26th bed of Bovey. 
mdccclxii. 7 a 
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Belongs probably to Anona altenbwrgensia, Ung. (Sylloge Plantar, p. 26, pi. 10. figs. 
8-11). The representation agrees pretty well with the seeds of Bovey; but as Unger 
in the diagnosis calls the seeds “ ovato-oblongis,” and since those of Bovey are no wider 
at the base than at the top, I dare not to unite them with those of Altenburg. 

Most of the specimens are 20 to 21 millims. long, widest in the middle, narrowing 
symmetrically towards both ends, where they are most obtusely rounded. They are 
flat, the diameter only amounting to millims. ; throughout they are formed of an 
homogeneous mass of coal, which has obliterated all traces of the contents of the seeds. 
On the outside they are smooth and rather shining when rubbed; sometimes they 
appear reticulated by delicate fissures, or furrowed with very fine longitudinal and trans- 
verse striae, which are, however, much obliterated, and can only be perceived by the 
aid of a lens. In some pieces the middle portion is perfectly flat and slopes towards a 
rather sharp margin (cf. section, fig. 2 b), thus forming a flatly bordered seed like those 
of A. paludosa , Ait. ; in others the margin is blunted. In one piece (f%. 3) the middle 
portion has fallen out, thus producing a broad and deep furrow ; this is probably only 
accidental. 

In fig. 1 the seed still lies within the stone, convincing us that it is not surrounded by 
a shell. The perfectly homogeneous substance of the coal indicates a seed and not a 
fruit; and since the Anonas (especially the A.paludosa and Asimina triloba) have quite 
similar seeds, I agree with the determination of Unoer, although it cannot be denied 
that it must be considered as somewhat doubtful till other organs shall be discovered. 

37. Anona cyclosperma, m. (Plate LXX. fig. 4.) 

A. seminibus suborbiculatis, 14 mm. longis, 11-12 mm. latis, compressis, rugulosis. 

At the same spot ; several specimens. 

They are very like the preceding, but'much smaller, especially much shorter; and as 
the breadth is nearly the same, they are almost orbicular ; a network is constituted by 
numerous irregular fissures, which cause the outside to be somewhat wrinkled (fig. 4 b). 
Since no intermediate forms occur between this and the foregoing, they seem to belong 
to different species. 


Order III. HYDROPELTIDEiE. 

Fam. Nymphasacejs, Salisb. 

1. Nympha:a, Linn. 

38. Nympilea Doris, m. (Plate LXX. figs. 32-37.) 

N. seminibus ovalibus, 2$-3£ mm. longis, subtilissime crenulato-striolatis, apice poro 
perforatis. 

From the 64th bed. 

a • . 

Tolerably numerous flattened seeds lying close together : they are oval, 2 J to 3£ millims. 
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long and 2 to 3 millims. wide ; at both ends they are obtusely rounded, and at one 
end are furnished with a small round hole (fig. 33, magnified fig. 34; fig. 35, magnified 
fig. 36), which is only visible in those specimens that are compressed from above. The 
sides are furrowed by very delicate and elegant longitudinal striae, formed by the cells, 
which are arranged in lines. They are neatly crenated and very delicately dotted (cf. 
fig. 37, a highly magnified piece, of which only part of the testa has been preserved). 
This elegant sculpture can only be made out by the aid of a lens or microscope. 

They are very much like the seeds of Nymphcea alba , especially the form with the larger 
seeds, the Nymphcea alba melocarpa , Casp. In the recent seeds the longitudinal striae 
appear much less distinct; but in such seeds as are found in the ‘ Pfahlbauten’ of 
Robenhausen, they look exactly like those of the fossil species. In these also the 
hole on the top of the seed is somewhat more widened, as in the fossil species. As to 
the shape, the latter differs in so far as the seeds are comparatively somewhat wider 
(those of N. alba melocarpa are 3^ millims. long and 2 millims. wide) : this more con- 
siderable breadth may have been caused by pressure, since they are all highly com- 
pressed. To the same circumstance we may ascribe the fact that the raphe cannot be 
pointed out distinctly. 

The seeds of Bovey are very like those of my Nymphcea Charpentieri (Flora Tertiaria, 
iii. p. 195, pi. 155. fig. 20 b, c), the latter being only somewhat narrower. It would 
therefore be very desirable that the leaves be sought for at Bovey, since from these 
alone can it be decided with certainty whether this species is really distinct from 
N. Charpentieri , to which it comes very near. The seeds of the living Nymphcece are 
variable in their dimensions. 


Order IV. MYRTIFLORiE. 

Fam. Myrtace^e, R. Br. 

1. Eucalyptus, Herit. 

39. Eucalyptus oceanica, Ung.l (Plate LXIX. figs. 9 & 10.) 

E. foliis coriaceis, 2-5-pollicaribus, lanceolatis vel lineari-lanceolatis, acuminatis, sub- 
falcatis, in petiolum attenuatis, integerrimis, petiolis semipollicaribus, saepius con- 
tortis, nervo primario distincto, secundariis subtilissimis. 

Unger, Flora von Sotzka,, p. 58, pi. 36. figs. 1-13. 

Heer, Flora Tertiaria Helvetia, iii. p. 34, pi. 108. fig 21, pi. 154. figs. 14 &15. 

In the clay of the 26th bed. 

As at Bovey only fragments of leaves have been found, no sure deterfhination can be 
given. The leaves are smooth, shining, coriaceous, somewhat incurved, and taper 
towards the tip. The secondary nerves are very delicate and form arches, which run 
Uparly parallel with the margin. Close by the leaf (represented in fig. 9) lies the top 
of a leaf of a quite different plant, which seems to belong to Quercus Lyelli. 

7 G 2 
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2. Eugenia, Mich. 

40. Eugenia Hjsringiana, Ung. (Plate iXVIII. figs. 16, 17 & 18.) 

E. foliis coriaceis, lanceolato-linearibus, in petiolum brevem crassumque attenuatis, 
integerrimis, nervis secundariis distantibus, simplicissimis, camptodromis, duobus 
inferioribus valde elongatis. 

Unger, Flora von Sotzka, p. 62, pi. 36. fig. 19. 

Heer, Flora Tertiaria Helvetia?, p. 34, pi. 2. fig. 1, pi. 108. fig. 16, pi. 164. fig. 13. 
Bovey, in the 26th bed. 

The leaves *of Bovey are very like the leaf of Ralligen represented in my 4 Flora,’ 
pi. 108. fig. 16. They arc leathery, entire, long and narrow, and tapered towards the 
petiole, the sides being almost parallel. The two long secondary nerves are very near 
the margin, and run nearly parallel with it. We cannot distinguish the finer nervation. 

Resembles Cinnamomum lanceolatum , but the leaf is longer, relatively narrower, and 
has parallel sides. 

Order V. FRANGULACEiE. 

Fam. Celastrine^e, R. Br. 

1. Celastrus, Linn. 

41. Celastrus pseudo-ilex, Ett. (Plate LXYIII. fig. 19.) 

C. foliis coriaceis, lanceolato-linearibus, sessilibus, integerrimis, nervo medio debili, 
secundariis camptodromis. 

Ettingshausen, Tertiare Flora von Hacring, p. 70, pi. 24. figs. 30-36. 

Heer, Flora Tertiaria Helvetia?, p. 69, pL 121. fig. 67. 

I found several leaflets in the 26 th bed of Bovey ; unhappily most of them have been 
ruined in the journey, and only the piece represented in fig. 19 b has remained entire. 
I drew the piece represented in fig. 19 (magnified 19 b) on the spot. These are small, 
stiff, entire and narrow leaflets, obtusely rounded at the apex. Short lateral nerves pro- 
ceed from the delicate median nerve. It certainly agrees with the leaves of Haering, 
and those of Locle and Oeningcn. 

It may be compared to Celastrus integrifolius , Thunb., from the Cape. 

Order VI. TEREBINTHINEAS. 

Fam. J uglandejs, DeC. 

Pterocarya, Kunth. 

42. Pterocarya denticulata \ (Plate LXX. fig. 6.) 

Pt. foliis pinnatis, foliolis sessilibus, lanceolatis, acuminatis, argute et creberrime 
serratis, nervis secundariis numerosis. 

Heer, Flora Tertiaria Helvetia?, iii. p. 94, pi. 131. figs. 6-7. 
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Juglans denticulata , O. Weber, Palaeont. p. 211. 

Bovey, in the 26th bed. 

This species remains still very doubtful, since nothing but the fragments of leaves 
represented was found at Bovey. The diagnosis has therefore not been made from 
these fragments, but from the very fine leaves that were found in our molasse ; further 
discoveries alone can prove whether the fragments of leaves found at Bovey belong 
really to this species. 

The leaf of Bovey is very acutely toothed, and the teeth (augmented in fig. 5 b) are 
highly inclined towards the apex. The secondary nerves are delicate, and for the most 
part perfectly obliterated. 


Order VII. LEGUMIN OSAS, Endl. 

Fam. Papilionacej5, Linn., R. Br. 

Leguminosites, Bow., Heer. 

43. Leguminosites areolatus, m. (Plate LXVIII. fig. 20, magnified fig. 20 b). 

L. foliolis subcoriaccis, integerrimis, ovalibus, basi valde inaequilateris, nervis secun- 
dariis subtilissimis, camptodromis, areis argute reciculatis. 

Bovey, in the 26th bed. 

Is very like Leguminosites scleropliyllus (Flora Tert. Ilelvet. p. 123), but much more 
delicate, smaller, and with a sharper reticulation. It may belong to Copaifera . 

A small leaflet, which has unequal sides at the base. The median nerve is curved and 
delicate. The secondary nerves are very delicate, at a great distance from each other, 
and jointed in large arches. The areas are filled up with a very delicate, distinctly 
projecting polygonal reticulation. The areoles are of equal size. 

Incertce Sedis. 

Carpolithes, Sternb., Ileer, Flora Tertiaria Helvetiae, iii. p. 139. 

44. Carpolithes Websteri. (Plate LXX. fig. 6, magnified 6 b.) 

C. fructibus oblongis, subcompressis, utrinque obtusis, supra basim incurvatam paulo 
constrictis, longitudinaliter rugoso-striatis, rima longitudinali dehiscentibus, mono* 
spermis, membrana interna tenera, libera (testa seminis 1). 

Carpolithes thalictroides, var. Websteri, A. Brongniart, Recherches sur les Ossemens 
Fossiles, par Cuvier, ii. pi. 11. fig. 5 ; Memoires du Museum, p. 317, pi. 14. fig. 6. 

Carpolithes Kaltennordheimensis, Flora Tertiaria Helvetia, iii. p. 141, pi. 21. fig. 14, 
pi. 141. figs. 68 & 69. 

Folliculites Kaltennordheimensis , Zenker in Leonhard und Bronn’s Jahrbuch, 1833, 
p. 177, pi. 4. figs. 1-7. 

Carpolithes minutulus, Sternb. Versuch. i. 4. p. 41. 

Folliculites minutulus, Bronn, Letheea, p. 849, pi. 35. fig. 11. 
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J. D. Hooker, “ On some small Seed-vessels from the Bovey Tracey Coal,” Quart. 

Joum. Geol. Soc. Lond. for Nov. 1855, p. 566, pi. 17. 

Unger, Sylloge Plant. Fossil, p. 17, pi. 7. figs. 10-23. 

Hippophae dteperma , Ludwig in Palaeontogr. viii. p. 112, pi. 43. figs. 14-18 & 20. 

Not rare in the 64th bed ; very rare in the rhizome-bed. 

The fruits of Bovey agree so perfectly with those of Kaltennordheim, of Rochette, 
&c., that they must be referred to that species. Geologically they are of great import- 
ance, as they have such a wide range in the Miocene formation ; it is hence the more to 
be regretted that their systematic position remains still very doubtful, and that it has 
even not yet been shown whether these small bodies, which can so easily be distin- 
guished by their characteristic form and structure, are fruits or seeds. Most authors 
(Brongniart, Zenker, Bronn, and Hooker) consider them to be fruits, while Unger 
(Sylloge, p. 18) declared recently that they must be seeds, referring to the seeds 
of coniferous trees : as such I considered them formerly, when I described them 
(though granting the doubts concerning their character) as Finns rliabdosperma . In all 
those specimens which I had then seen, the peculiar constricted volva was not distinct ; 
but it is also wanting in all the seeds of conifers which I know, as is also the prominent 
edge and the sculpture. More probably they are compar able with the seeds of Samyda , 
which have such a volva, and which agree besides pretty well in respect to their form ; 
but then we must bear in mind that the organs in question are ligneous, that they are 
dehiscent by a longitudinal fissure, and that such facts are much against an interpreta- 
tion as seeds, though in favour of the hypothesis that they might have had the organiza- 
tion of a fruit. 

Hooker supposed them to be cryptogamic fruits, although he was not able to point 
out an analogy amongst the cryptogamic plants. He maintains this view by stating 
that in the interior of the fruit a delicate sac is frequently found, which he considers 
to be a sporangium. This interpretation seems to me not quite correct ; the sac seems 
to result from the testa of the seeds. The dotted and the spiral fibrous cells covering 
the interior of the cavity are much more in favour of a phanerogamic than of a cryp- 
togamic plant; and in respect of the sac remaining in the interior of the cavity, we 
know exactly the same organization in cherry-stones which have lain for a long time in 
water or in wet places. I opened a good many cherry-stones from the * Pfahlbauten ’ 
of Itobcnhausen ; in all, without exception, the seed had disappeared (although the 
shell was left intact), and in its stead a delicate sac remained, which lay close to the 
interior surface of the stone, and which could easily be removed. A perfect dissolution 
of the kernel had taken place, and only the testa remained. The organic contents of the 
seed must hence have become dissolved, and escaped, in a remarkable manner, through 
both the testa and the putamen, that no traces of them were left in the cavity of the 
cherry-stone. Only the ligneous cells of the stone and the testa resisted and were pre- 
served. In the same manner, without doubt, we must account for the existence of the 
sac of Carpolithes Websteri. Sometimes an inorganic substance has been deposited, in 
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the place formerly occupied by the seed, and the interior of the- cavity of the fruit is 
then partly filled with it. 

Ludwig (l. c.) has united these fruits with Hippophae, adopting, without necessity, a 
new specific name. These fruits do not, however, agree in the least with those of Hip- 
pophae , and decidedly cannot be referred to that genus. He believes that great numbers 
of such fruits were arranged close together upon the boughs, which circumstance pro- ' 
bably led him to refer them to Hippophae. But it seems to me doubtful whether those 
little heaps of fruits which he represented were really fixed on the boughs that lie close 
by, or whether they lie only accidentally near the boughs. If they are fixed on the 
boughs, it will be proved that they are phanerogamic fruits and not seeds, while the 
interpretation as Hippophae is not justified, considering the other contradictory marks. 

The C. Wehsteri has been described so frequently and so carefully, that any more 
detailed description would be superfluous. I refer the reader especially to the very exact 
description of Hooker (l. c.). Investigation with the microscope showed me that the 
sac in the interior of tiro fruit is formed by cells with very thin walls and of different 
lengths (cf. fig. 6 d, <?), as represented by Hooker in fig. 7, and that the pericarpium, 
on the contrary, is formed by ligneous cells, which partly show a very curious undulating 
circumscription, and are dotted (fig. 6). They are arranged in series*. 

45. Carpolithes scutell^tus, m. (Plate LXIX. fig. 30, magnified 30 b.) 

C. fructibus complanatis, margine acutis, rotundatis, basi truncatis, dorso costulatis. 

A few specimens in the 26tli bed at Bovey. 

It is a perfectly flat fruit (or seed 1) with an acute margin (cf. the section of fig. c ) ; at 
the base it is truncated, at the sides much rounded, obtusely rounded above, nearly in 
the middle somewhat emarginate. From the base originate a few delicate, partly ramified 
ribs, which reach somewhat above the middle. 

It is rather like the fruits of Pamx , but the middle partition is wanting. 

Since I had only one well-preserved fragment at my disposal, I could not cut it open in 
order to see whether it had one or two furrows. Perhaps it may be a seed, and not a fruit. 

46. Carpolithes Boveyanus, m. (Plate LXX. figs. 7-14.) 

C. nucula 3-4£ mm. longa, ovata, apice mucronulata, dorso leviter sulcata, mono- 
sperma. 

Frequent in the 26 th bed at Bovey. 

* The drawing M, A. Bbononiaet has given of this species is very imperfect. I did not myself recognise 
his drawing as belonging to this species ; but Dr. Falconer convinced me that it was so. I compared, in 
the British Museum, the Carpolithes thalictroides , var. Websteri , Brongn., of the Isle of Wight with the fruit* 
from Bovey and Kaltennordheim, and am assured that they form one species. But the Carpolithes thalic- 
troides, Brongn., must be separated from Carpolithes Websteri , as the fruit of the former species is cylindrical 
and acuminated, whilst the fruit of O. Websteri is obtusely rounded. Unhappily the place where these speci- 
mens of the Isle of Wight were found is not mentioned in the British Museum. The stone is dark, and different 
from the White Clay of Alum Bay, where plants are lying. Perhaps they are from the Bembridge series. 
Latterly I have received many seeds of this species from the Hempstead beds of the IbIo of Wight. 
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It occurs of two different dimensions; some are 3 millims. long and 2^ millims, 
wide ; others are 4-4£ millims. long and millims. wide. They agree, however, with 
the exception of the dimensions, so perfectly, that they cannot be separated. 

These fruits are short, oval, rounded at the base, and furnished with a small round 
hole (fig. 7); the portion around the latter is somewhat wrinkled; at the apex it is 
furnished with a short little point. The sides are rather flat, and over each side runs a 
flat longitudinal furrow (fig. 8, magnified 8 b & 12 b). As the seeds lie in the soft 
clay, they .have hardly been much compressed ; the longitudinal furrows have therefore 
probably not been caused by the circumstance that the pericarpium was pressed in along 
the cavity of the fruit, but probably are characteristic of the fruit. If we open the fruit 
in a longitudinal section (fig. 9, and magnified 9 b & 10, and of the smaller fruits 13 & 
14), we perceive an elliptical partition, which contained, doubtless, one seed, of which, 
however, nothing is preserved. The wall of the pericarpium is relatively very thick ; it 
must therefore have been ligneous. In a few of the smaller fruits there was a longitu- 
dinal fissure. 

The whole organization shows that we have here fruits, and not seeds. It is very 
like the fruit of Potamogeton (ef. Potamogeton JEscri, Ileer, Flor. Tertiar. Ilelvet. i. p. 102, 
pi. 47. fig. 8) ; but the shape of the cell of the fruit (loculamentum) differs and makes 
it doubtful whether it belongs to this genus. In Potamogeton the dorsal part of the 
fruit is generally much more convex than the ventral part, while the apex of the fruit 
is somewhat incurved. 

47. Cabpolithes nitexs, m. (Plate LXX. figs. 15-23.) 

C. fructibus subglobosis, nigro-nitidis, subtilissime et obsolete striolatis, monospermis, 
basi truncatis, cicatrice orbiculata vel angulata omatis. 

Taxus margaritifera , Ludwig, Palaeontograph. viii. p. 73, pi. 60. fig. 19? 

Very frequent in the coal of the 46 th bed. 

Ludwig gives only a short description, which agrees, however, pretty well, but for the 
expression “ a circular plate with a thin margin and a short stalk*,” which I do not 
understand, and the dimensions, since his fruits are 6 millims. long, whilst those of Bovey 
are only 5 millims. The seeds of Taxus display a similar organization of the cicatrix ; 
it is always regularly orbicular or oval ; and the delicate longitudinal stripes are also met 
with ; but the walls are much thicker, and the internal cavity is much smaller. Never- 
theless I do not know any genus with seeds and. fruits which are so similar to those of 
Bovey as the seeds of Taxus. If it really belong to this genus, we should have a thick 
ligneous testa, and but a small cavity. 

These little shining black bodies have nearly the same breadth and height (of 
5 millims.), and are therefore nearly orbicular, although they are frequently compressed 
m different directions. On the fore part of the perfectly preserved specimens we observe 
a little point or apex ; the base is truncate, and in the middle appears a small round hole, 

* Dunnrandige und kurzgestielte Kreuflache. 
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surrounded by a cicatrix of a dull colour, which is frequently orbicular, but sometimes 
polygonal. If we cut them open we observe a small cavity, surrounded by a ring of 
shining black brittle coal (figs. 19 5, 20, 21 & 22). Fig. 22 is a magnified transverse 
section of the middle; fig. 20 (magnified 205) a similar section, but nearer the top of 
the fruit, which is not compressed; and fig. 19 (magnified 19 5, 21) a section of a com- 
pressed fruit. The wall of the fruit measures 1 to 1£ millim. ; the cavity has a diameter 
of about 2 millims. The black shining crust which covers the internal surface is very 
thin. It is formed by the testa, if the organization belong to a fruit ; but if it be the 
seed of a Taxus , or of some tree resembling the latter, then it ought to be considered as 
the remains of the albumen, while the wall forms the ligneous testa. The cavity is 
always filled with a whitish-grey clay. As in the Carpolithes Websteri , the softer internal 
parts of the seed were also in this case dissolved, while the cavity became afterwards filled 
with mineral substance. The crust of coal corresponds to the cuticula of C. Websteri. 

48. Cabpolitiies exaratus. (Plate LXX. fig. 27, highly magnified in figs. 24-26.) 

C. putamine subgloboso, 3£ mm. longo, nigro, nitido, sulcis rugoso-punctatis exarato. 

In the 26 th bed at Bovey. 

A remarkable little object, which represents, without doubt, the stone of a fruit. It 
is 3^ millims. long and 3- x % millims. wide, being thus nearly orbicular, although it is 
furnished with a rather 'blunt apex, which projects but very little, while the lower 
end is rounded very obtusely. At one place we observe a narrow fissure, which reaches 
from the apex to somewhat below the middle of the little stone, which is bordered by a 
narrow margin. It is, without doubt,* the place where the raphe passed, and it may 
therefore be described as the umbilical fissure. The furrows and ribs upon the little 
stone are very elegant On the truncated end (fig. 26, highly magnified) we observe a 
great many parallel furrows and ribs, which run very near one another to the lower 
termination of the umbilicus, and which pass also opposite the umbilicus across the 
back of the little stone ; the sides too are marked by similar ribs and furrows ; but here 
the first two arc distant, and the furrows are therefore wider ; the ribs run much more 
irregularly, forming ramifications, so that the furrows seem to be interrupted by 
numerous tubercles. The furrows and the ribs are covered besides with innumerable 
dots. (In fig. 24 5, a piece with a few ribs has been represented as seen under a 
microscope.) 

Similar fruit-stones occur in Celtis, but we miss the umbilical fissure and the regularity 
of the furrows. As regards the character, the stone is more like those of PrurSUs , 
in which we observe on the suture a channel, within which the raphe runs till it passes 
through a hole below the apex of the stone towards the seeds. . On the fossil we find no 
such small hole resembling a dot, but only the above-mentioned fissure ; besides it differs 
in the very peculiar sculpture, and must therefore belong to another type of plants. 

Fig. 27 represents the little stone of the natural size; fig. 24, the same magnified and 
viewed laterally ; fig. 25, the same from the side of the umbilicus ; fig. 26, from the base. 
mdccclxii. 7 H 
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49. Carfolithes vlnaceus, m. (Plate LXX. figs. 28 & 29, magnified 29, b). 

C. semine gigantoideo, tenuissime longitudinaliter striolato, medio unisulcato. 

*Some pieces from the 26th bed. 

This has the form and dimensions of the seeds of the grape (Vitis vinifera, Linn.), 
but it does not belong to the genus Vitis; the delicate longitudinal strise, and the 
absence of the umbilicus within the fissure, are against such an hypothesis. It seems to 
me to be the seed of a monocotyledonous plant. 

The seed is millims. long, and at the thicker portion 4 millims. wide; at one end 
it is much thickened and obtusely truncated, towards the other it is much narrowed. It 
has a brown, rather shining testa, marked by very delicate strise. In some places where 
the testa is removed (fig. 29, magnified fig. 29 b), the strice (or rather the pasts of the 
strise) are more distinctly visible. They form very delicate longitudinal lines, which are 
here and there united by transverse lines. 

50. Carfolithes lividus, m. (Plate LXX. figs. 30 & 31.) 

C. follicularis, membranaceus, brunncus, ovatus. 

In the 26 th bed ; several pieces. 

A very doubtful species. Small light-brown oval bodies, with a thin membrane. One 
perfectly preserved specimen (fig. 30) is 4/^ millims. long and 4 millims. wide; it is 
quite flattened ; on the dorsal part it is furrowed by transverse wrinkles (fig. 30 b), which 
were, however, produced by shrinking ; otherwise it is smooth, shining, and of a yellow - 
ish brown; on the other side there is a longitudinal fissure (fig. 30 c , magnified)* 
through which probably the seed fell out, leaving the thin membrane of the pericarp. 
In such a case it would be a small folliculus, with probably but one seed. It is also 
possible that it may be the testa of a seed, and that the fissure marks the raphe. 

II. Descriptions of the Diluvial Species of Plants. 

1. Salix, Linn. 

1. Salix cinerea, Linn. (Plate LXXI. figs. 1 «, b, 2 & 3.) 

S. foliis lanceolato-obovatis, basi angustatis, apice breviter acuminatis, serratis vel 
subtiliter undulato-serrulatis, rugulosis, nervis secundariis valde camptodromis 
nervillisque validis. 

Several leaves lie upon the soft white clay, which cannot be distinguished from those 
of Salix cinerea , Linn. ; they are like the leaves which occur in the tufls of Cannstadt. 
The leaves represented on Plate LXXI. fig. 1 a, 5, are distinctly serrated ; the leaf a 
with a rather sharp point; the same is seen on the leaf fig. 3, while the larger leaf, which 
is represented in fig. 2, has only a slightly undulated and indistinctly denticulate mar* 
gin, as occurs frequently in Salix cinerea. The secondary nerves are perfectly like those 
of S. cinerea ; they are inclined forwards, and united, forming long arches, which approach 
the margin. The nervules are strong, and impart to the leaf a rather wrinkled aspect. 
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From the midrib spring shortened secondary nerves, which are united with each lower 
secondary nerve, a character peculiar to the leaves of the willows. 

2. Salix, spec. (Plate LXXI. figs. 4 & 5.) 

S. foliis petiolatis, oblongis, basi rotundatis, intcgerrimis (1), rugulosis, nervis secunda- 
riis valde camptodromis nervillisque validis. 

This is doubtless the leaf of a willow, since it has the same characteristic nervation ; 
the base of the leaf is obtusely rounded, and the margin seems to be entire. The spe 
cimen represented in fig. 4 has nearly parallel sides, but the base is obtusely rounded ; 
on the margin no teeth are visible. The secondary nerves are also highly inclined 
towards the apex, and numerous nervules cause the wrinkled appearance of the surface. 
The small leaf which is represented at fig. 5 belongs undoubtedly to the same species 
with the foregoing, although the sides are less parallel. It is very like the leaves of 
Salix amygdalina , Linn., which vary very much in shape; but the secondary nerves and 
the nervules are strong, and the margin seems to be entire. 

3. Salix repens, Linn. ? (Plate LXXI. figs. 1 c-h, 6 & 7 b.) 

S. foliis brcviter petiolatis, ovalibus, oblongis et oblongo-lanceolatis, intcgerrimis, 
nervis secundariis valde curvatis. 

The most frequent leaf of the white clays. Numerous fragments lie confused in all 
directions. 

Some forms are rather similar to those of Salix cinerea , Linn., but the nerves are not 
nearly so strongly developed : the surface of the leaf is much smoother, and the margin 
is not dentate. 

The dimensions and the form of these leaves are very variable. The length varies from 
6 to 45 millims. : some are short, oval, and obtusely rounded at the apex ; others (and they 
are the most numerous) are oblong, and rather obtuse at the apex ; whilst others are 
lanceolate, and have an acuminate apex. There are so many intermediate forms, that 
these cannot be separated. The midrib is rather slender ; from it rise the secondary 
nerves at a rather acute angle ; they are highly curved towards the apex, and near the 
margin they are united in arches. The areas are divided by very delicate nervules. 
At some places the shortened secondary nerves, which pass over to the lower secondary 
nerves, are visible, but in most of the leaves this important mark is not quite distinct. 

As to the shape and nervation of the leaves, it seems to me most nearly allied to Salix 
repens , Linn. ; but the incurvate apex is wanting, which, however, does not always exist 
in S. repens. Salix ambigua, Ehrh., and S. ambigua, Sendtner (S. aurito-myrtilloides ), 
have very similar leaves. 

2. Betula, Linn. 

4. Betula nana, Linn. (Plate LXXI. figs. 1 k & 7 a.) 

B. foliis parvulis, orbicularis, profunde crenatis, nervis secundariis flexuosis, craspedo- 
dromis, basalibus approximate, areis nervulis reticularis. 

7 H 2 
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Very pretty little leaves, only 9 millims. long, and nearly orbicular. They have simple 
teeth, which are, however, deep and acute. From the median nerve arise on each side 
four secondary nerves, of which the two lowest, are very much approximated. Each of 
them runs in a zigzag line, and terminates in a tooth ; from the second spring tertiary 
nerves ; and all are united, forming elegant polygonal reticulations, that can be traced 
upwards to within the teeth (cf. fig. 1 k k, where the leaf has been three times magnified). 
I saw several entire little leaves in an excellent state of preservation ; there have been 
found besides several fragments of the leaves of this species in the white clay. 

The nervation indicates the genus Betula. Similar forms occur in the young leaves 
of Populus alba ; but in these, five primary nerves spring from the base of the leaf; while 
the nerves of Betula are pinnated, but the first ones approach the base, as seen in the 
fossil leaf; the reticulation also is that of Betula. A comparison of the different spe- 
cies of Betula leads us to Betula nana , Linn. The fossil leaves agree, indeed, in respect 
of dimensions, shape, dentation, and nervation so entirely with those of the living spe- 
. cies, that no difference can be found ; the petiole, however, is somewhat thicker than is 
generally the case 'with Betula nana. 

Betula nana , Linn., is a boreal plant, which is at home throughout the whole arctic 
zone ; it is found also here and there on the highland moors in Middle Europe, as, for 
instance, near Einsiedeln in Switzerland, and in the Jura. In the British islands it is 
found in Scotland only. 

5. Pi xus sylvestris, Linn. X 

Dr. J. I). Hooker* speaks of a pine-cone which, according to the late Dr. Croker, 
was found in the upper layers of lignite. Dr. Hooker says that it so closely resembles 
that of a Scotch fir ( Finns sylvestris , Linn.), that it might be referred to this species. 
I have seen it in the collection of the Geological Society in London, and another speci- 
men in Dr. Croker’s collection at Bovey. I am of the same opinion as Dr. Hooker ; but 
these cones look much more modem than the plants of the lignite beds, and they are, I 
believe, from the diluvial formation of Bovey. 

III. Insects from Bovey. 

During my stay at Bovey I carefully searched for the remains of insects. I found 
indeed some traces, but they are but fragmentary, and there is only one fragment 
which can be determined. It is the partly destroyed elytron of a beetle, probably a 
Buprestitcs, and which I shall describe as Buprestites Falconeri (Plate LXVIII. fig. 21, 
magnified 21 b). It was 8 millims. long and 3 millims. wide. The angle of the shoulder 
is somewhat rounded, and beneath it the elytron is somewhat curved inwards. It is 
remarkably sculptured ; with the aid of a lens we can perceive numerous round points, 
which are ranged in rows, and so close together that the yvhole elytron gets quite a 
sculptura alutacea. The species of Agrilus , Lampra , and Anthaxia present a similar 
sculpturing. 

# Quart. Journ. Geol. Soc., Nov. 1866, p. 666. 
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Explanation op the Plates. 

PLATE LV. 

Fig. 1. Sphceria lignitum , m. ; fig. 2, magnified; fig. 3, more magnified. Fig. 4 a, b, 
c, d. Pecopteris lignitum, Gieb. Fig. 4 e. Cinnamomum Scheuchzeri , Hr. 
Figs. 5 & 6. Pecopteris lignitum. Figs. 7-10. Palmacites Dcemonorops, the 
fibrous bundles of the stem ; figs. 11 & 12, spatha with spines ; fig. 11 b, 
magnified; fig. 13, a spine; figs. 14 & 15, spines; fig. 15 b, magnified. 

PLATE LYI. 

Figs. 1-11. Pecopteris lignitum, Gieb. : — Fig. 1, the point of a leaflet (pinnula), magnified ; 

figs. 2-4, parts of leaflets near the apex ; fig. 5, many fragments of leaflets ; 
fig. 5 b, seed, and c, the scales of a cone of Sequoia Couttsiee ; figs. 6 & 7, base 
of the leaflets ; fig. 8, leaflet restored ; figs. 9-11, young fronds. Figs. 12-15. 
Lastrcea Stiriaca, Ung., sp. ; fig. 12, fragment of a leaflet; fig. 13, leaflet with 
the sori, from Monod; fig. 14, pinnated leaf; fig. 15, leaflet. 

PLATE LVII. 

Figs. 1-7. Pecopteris lignitum , magnified. Fig. 8. Lastrcea Stiriaca , magnified. 

PLATE LVIII. 

Fig. 1. Rhizome of Pecopteris lignitum ; fig. 2, rachis, with scars of the roots. Fig. 3. 
Pecopteris llookcri , m. 

PLATE LIX. 

Sequoia Couttsiee, m.: — Fig. 1, cone and seeds; fig. 2, cone, magnified; fig. 3, scales of 
the cone, magnified ; fig. 4, scales of the cone ; fig. 5, young shoots ; figs. 6-8, 
young shoots, magnified ; fig. 9, biennial branch ; figs. 10 & 11, older branches; 
fig. 12, young shoot with the leaves, magnified; fig. 13, branch with three 
shoots in a verticil; figs. 14, 10 & 18, cones; figs. 15, 17 & 19, these cones 
. restored. 

PLATE LX. 

Figs. 1-46. Sequoia Couttsiee, m.: — Figs. 1 & 2, biennial branches ; figs. 3-6, young shoots ; 

fig. 6 b, magnified ; fig. 7, base of a young shoot, magnified ; fig. 8, young shoot, 
magnified; figs. 9, 11 & 12 a, young shoots with spreading leaves; figs. Hi 
& 12 a a, magnified ; fig. 10, young shoot with adnate leaves ; figs. 12 hb Sc 
13, part of a branch with short adhering leaves, magnified ; figs. 14-20, young 
shoots; fig. 14 b, leaf, magnified; figs. 21, 23 & 24, scales of a cone; fig. 22, 
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base of cone ; fig. 25, scale with the seeds ; figs. 26-28, cones with separate 
scales; figs. 29-34, scales of cones; fig. 35 a, scales; fig. 35 b, seed; figs. 36 
-42, seeds ; fig. 41 b, magnified. Fjg.] 43. Amentum masculinum ; fig. 43 b, 
magnified ; figs. 44 & 45, young shoots from Armissan ; fig. 46, magnified. 
Figs. 47 & 48. Sequoia sempervirens ; fig. 47, seed ; fig. 47 b, magnified ; fig. 
48, cone. Fig. 49. Glyptostrobus europceus , Br., sp., from Ilohe Rhonen; 
fig. 49 b, magnified. Fig. 50. Palmacites Lcemonorops , Ung., sp., fruit ; figs. 
51-53, magnified. Fig. 54. Cyperites deperditus , Hr.; fig. 54 b, magnified. 

PLATE LXI. 

Sequoia Couttsice, m., restored. 

PLATE LXII. 

• 

Palmacites Lcemonorops, Ung., sp. : — Fig. 1, a large specimen, spatha ?; fig. 2, three of 
the spines,, magnified ; fig. 3, a specimen with five spines ; figs. 4-6, little 
spines ; fig. 7, fasciculi of spines ; fig. 8, spines lying in different directions ; 
figs. 9-11, spines, magnified; fig. 9 b , a portion more magnified. 

PLATE LXIII. 

Fig. 1 b . Lastrcea Bunburii , m., nat. size ; c, d, magnified. Fig. 1 a. Ficus Falconeri , m.; 

fig. 1 a a, a portion of the surface of the leaf, magnified ; fig. 1 a a a, more 
magnified. Figs. 2-9. Quercus Lyelli , m. ; fig. 2, apex of the leaf; figs. 3, 8 
& 9, base ; figs. 4-7, middle piece ; fig. 7 b, portion of leaf, magnified. 

PLATE LXIV. 

Fig. 1 a, b, c. Quercus Lyelli , m. Fig. 1 d. Phraqmit.es eeningensis, A. Br. 1 Figs. 2, 3 
& 4. Quercus Lyelli, Fig. 3 b & 5. Echitonium cuspidatum , Ilr. Figs. 6 & 7. 
Ficus Falconeri , m. 

PLATE LXV. 

Figs. 1 & 2. Daphnogene lingerie Hr. Figs. 3-5. Ficus eucalyptoides, m. Fig. 6. Laurus 
primigenia , Ung. Figs. 7 & 8. Ficus Pengellii ; figs. 7 b & 8 5, a portion of leaf, 
magnified. Figs. 9-11. Lryandroides laevigata, Hr. Fig. 12 a. Dryandroides 
hakeafolia, Ung. Fig. 12 b. Quercus Ijyelli. Fig. 12 c. Echitonium cuspida- 
tum, Hr. Fig. 13 a. Pkragmites eeningensis, A. Br. ; 13 a a, magnified. Fig, 
13 b. Lryandroides laevigata. Fig. 13 c. Sphceria socialis, m.; fig. 13 c c, 
magnified. 

PLATE LXVI 

Figs. 1 & 2. Quercus Lyelli , m., restored. Fig. 3. Ficus Pengellii , m., restored. Fig, 
4. Ficus Falconeri , m., restored. 
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PLATE LXVII. 

Figs. 1-8. Cinnamomum lanceolatum, Ung. , sp. Figs. 9-16. Ci nnamomum Scheuchzeri, Hr, ; 

fig. 12, branch with the flowers, from Oeningen. Figs. 17 & 18. Cinnamo- 
mum Bossmassleri, Hr. Fig. 19. Sclerotiwm Cinnamomi m., magnified; fig. 
19 b, transverse section. 

PLATE LXVIII. 

Fig. 1. Palmacites Bcemonorops'i portion of leaf; fig. 1 A, five times magnified. Fig. 2. 

Phragmites ammgensis , A. Br.? Fig. 3. Poacites, spec. Figs. 4 & 5. Quercus 
Lyelli ; fig. 6, bark. Fig. 7. Bryandroides Banksicefolia , Ung., sp. ? Fig. 8. 
Vaccinium acheronticum , Ung. Fig. 9. Andromeda vacciniifolia , Ung. Figs. 
10 & 11. Andromeda reticulata , Ett. ; fig. 10 5, magnified. Figs. 12 & 13. 
Cinnamomum Scheuchzeri; figs. 13 & 13 c, flowers; fig. 13 b, d, magnified. 
Figs. 14 & 15. Cinnamomum lanceolatum. Figs. 10-18. Eugenia Ilceringiana , 
Ung. Fig. 19. Celastrus pseudo-ilex, Ett. Fig. 20. Leguminosites areolatus , m.; 
fig. 20 b, magnified. Fig. 21. Blip restates Falconeri , m. ; fig. 21 b, magnified. 

PLATE LXIX. 

Figs. 1-8. Gardenia Wetzleri; figs. 3-6, seeds, magnified; fig. 7 a, b, seed-vessel from 
Samland ; fig. Tc, transverse section ; fig. 8, fruit from Giinzburg. Figs. 9&10. 
Eucalyptus oceanica , Ung.? Figs. 11-17. Nyssa europaea ; figs. 12 b & 17 b, 
magnified. Fig. 18. Nyssa hvvigata ; fig. 18 b, magnified. Fig. 20-23. Nyssa 
striolata ; fig. 20 b, magnified. Fig. 24. Nyssa microsperma , m. ; fig. 24 b, 
magnified. Figs. 25 & 26. Vitis britannica , m. ; fig. 26 b, magnified. Figs. 
27 & 28. Vitis 1 looker}, m., fruit ; figs. 29 & 29 b, seed ; fig. 29 c, d, magnified ; 
fig. 29 c, transverse section. Fig. 30. Carpolithes scutellatus , m. ; fig. 30 b, 
magnified. 

PLATE LXX. 

Figs. 1-3. Anona devonica , m.; figs. 1 b & 2 b, transverse section. Figs. 4 & 4 b. Anona 
cyclosperma , m. Fig. 5. Pterocarya denticulata , O. Web., sp.?; fig. 5 b 8c c, 
magnified. Fig. 6. Carpolithes Webstcri , Br.; fig. 6 5, magnified ; fig. 6 c, d, e, 
portion of the membrane, highly magnified. Figs. 7-14. Carpolithes Bovey - 
m. ; figs. 8 b, 12 b Sc 13 b, magnified ; figs. 9 b & 13 b, vertical sections. 
Figs. 15-23. Carpolithes nitens , m. ; figs. 17 £ & 15 b, base of the fruit, 
magnified; fig. 19, transverse section; fig. 19 b, magnified; fig. 20, transverse 
section near the apex ; fig. 20 b , magnified ; figs. 21 & 22, transverse section 
from the middle of the fruit ; fig. 23, many fruits, of natural size. Figs. 24-27. 
Carpolithes exaratus , m. ; figs. 24-26, magnified. Figs. 28 & 29. Carpolithes 
vinaceus , m. ; fig. 29 b, magnified. Figs. 30 & 30 c. Carpolithes lividus , m.; 
fig. 30 c, magnified. Figs. 32-37. Nymph cea Boris , m. ; figs. 34 & 36, mag- 
nified ; fig. 37, highly magnified. 
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PLATE LXXI. 

Fig.la,b. Salto cinerea, linn.; fig. 1 c-h. Salto repens, Linn. 1 ? fig. 1 k. Betula nana , Linn. ; 

fig. lkk, magnified. Figs. 2 & 3. Salto cinerea, Linn. Figs. 4 & 5. Salto, sp. 
Fig. 6. Salto repens, linn. 1 ? Fig. 7 a. Betula nana, Linn. Fig. 7 b. Salto repens, 
Linn.'? Figs. 8 & 9, very highly magnified portion of wood. 
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XLI. On • the Anatomy and Physiology of the Spongiadce. — Part IIL On the Generic 
Characters , the Specific Characters , and on the Method of Examination. 

By J. S. Bowerbank, LL.D F.B.S., F.L.S. &c. 


Beceived June 18, — Bead June 19, 1862. 

While the arrangement of other branches of natural history has occupied the attention 
of some of the most laborious and talented naturalists of every age, the Spongiadae 
appear to have scarcely attracted sufficient attention to excite any writer on natural 
history to a serious attempt at a systematic classification. This neglect has not arisen 
from any incapacity for a definite arrangement on the part of the Spongiadae, as the 
organic differential characters of the numerous groups into which, by careful exami- 
nation, they may be readily divided are as varied and as widely removed from each 
other as are the strikingly distinct and well defined divisions of the Corallidae ; and the 
number of species I believe to be very much greater than those of the latter class. Of 
British species alone I anralready acquainted with 150 or more; and new ones are con- 
tinually being discovered by the aid of the dredge. It becomes therefore a matter of 
necessity that we should classify their permanent varieties of structure, and found on 
them a series of orders, suborders, and genera, and through these subdivisions become 
enabled to recognize more readily the very numerous species of these animals which 
abound in all parts of the world. 

De Blainville proposed to include the whole of the Spongiadae under the designation 
of Amorphozoa ; but this term is objectionable, as all sponges cannot be considered as 
shapeless — on the contrary, many genera and species exhibit much constancy in their 
form. Neither can the term be justly applied to their internal structure, as we find in 
Grantia , Geodia , Tethea , and other genera regular and systematical structures which 
are very far removed from shapelessness. I have therefore thought it advisable to adopt 
Dr. Grant’s designation of Porifera, a term which embraces the whole of the Spongiadae, 
and which is truly descriptive of the most essential general action of the animal’s power 
and mode of imbibing nutriment, which in every species with which I am acquainted is, 
by a series of minute pores distributed over the external membrane of the sponge. 

Besides this universally existent character there are others which are strikingly charac- 
teristic of the class, although not so universally prevalent as the porous one. Thus 
the skeletons of the Spongiadae are always internal, but in the material and mode of 
construction they vary to a very considerable extent. Sponges may therefore be defined 
as fixed, aquatic, polymorphous animals, inhaling and imbibing the surrounding element 
through numerous contractile pores situated on the external surface; conveying it 
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through internal canals and ejecting it through appropriate orifices ; having an internal 
flexible or inflexible skeleton composed of either carbonate of lime, silex, or keratode ; 
with or without either of these earthy materials. Calcareous skeletons always spicular. 
Siliceous skeletons either spicular or composed of solid, laminated, and continuous 
siliceous fibre. 

Propagation by ova, gemmulation, or spontaneous division of its component parts. 

Dr. Grant, in his learned and elaborate “ Tabular View of the primary divisions of 
the Animal Kingdom,” published in 1861, has divided the Porifera into three orders, 
based on principles which I have adopted. The first order is Keratosa> in which the 
skeletons are essentially keratose and fibrous ; the second, Leuconida , is composed of the 
calcareous sponges; and the third, Chalinida, consisting of the siliceous sponges. I 
have not adopted the full and precise definition of each of these Orders as given by the 
learned Professor, as, if the whole of the distinctive characters in the first and third of 
them were insisted on in the determination of the orders to which many exotic species 
belong, it would lead in numerous cases to inextricable confusion. The term Leuconida 
is also objectionable, as all calcareous sponges are not white, and colour is at best but a 
very uncertain character even in the determination of a species ; I have therefore adopted 
the principles of the anangement of Professor Grant, with the following modifications 
of position and descriptions of the characteristics of each order. 

1. Calcarea. Sponges the skeletons of which have as an earthy base carbonate of 
lime. 

2. Silicea. Sponges in which the earthy base consists of siliceous matter. 

3. Keratosa. Sponges in which the essential base of the skeleton consists of keratose 
fibrous matter. 

While thus assuming the principles of arrangement enunciated by the learned Pro- 
fessor, I have been induced to vary the mode of the disposition of his Orders from the 
following considerations. 

In the highest vertebrated animal types we invariably find the skeleton principally 
composed of phosphate of lime with a small portion of carbonate of lime and other 
substances, the whole consolidated by cartilage. As we descend the scale of the Verte- 
brata we find the salts of lime decrease in proportional quantity until they occur in 
minute detached patches only, and cartilage becomes the essential base of the skeleton. 

In the great tribe of Mollusca we find carbonate of lime prevailing in their shells to 
the exclusion of phosphate of lime, and in the compound Tunicata we have a structure 
analogous to that of the cartilaginous tribe of Fishes. In the massive subcartilaginous 
body of this tribe there is no continuous or connected earthy deposit ; this material 
of the skeleton exists only in the form of detached masses of radiating spicula. As we 
descend in the animal scale we find carbonate of lime entirely absent, and silex replacing 
it in the elaborate and beautifully constructed loric® of the marine and freshwater 
infusoria. 

If we are to reason from these gradations of structure and apply our reasoning to the 
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Spongiadae, we should then give precedence to the calcareous sponges as representing in 
the class the highest order of secretive power ; and if we add to these considerations 
the regularity of structure and function and the full development of ciliary action that 
exists in Grantia ciliata and compressa and the allied species, I think it scarcely allows 
of a doubt that this order should take precedence of the others in an arrangement of 
the Spongiadae. 

The siliceous sponges naturally follow in succession, and the Keratosee, as indicated 
by their imperfect secretive powers and their low order of organization in other respects, 
would stand the last in the series. 

On the Generic Characters of the Spongiadae. 

The foundation of the genera of the Spongiadae has hitherto been based principally 
upon form and other external characters of an equally unstable description, and in many 
instances genera have been named without the slightest attempt to characterize them. 
As a generic character, form is inadmissible, inasmuch as each variety of it is found to 
prevail indiscriminately in genera differing structurally to the greatest possible extent. 

I will not enter on the history of the genera that have been proposed by previous 
writers on the Spongiadae, as the greater portion of those which have been published 
will hereafter be found to have been adopted, with certain revisions of their characters, 
in the series of genera 1 propose to establish, but I shall beg to refer such of my 
readers as may be desirous of further information on that subject to page 70 of 
Dr. Johnston’s admirable introduction to his 1 History of British Sponges and Litho- 
phytes.’ 

Having thus rejected form and other external characters as the foundation of generic,, 
descriptions, we naturally resort to the anatomical peculiarities of the animal for these 
purposes ; and here fortunately we find a variety in structure and form, and a constant 
adherence to their respective types that admirably adapt them to our purpose. 

If any portion of the animal remains whereby we may recognize it as one of the 
Spongiadae it is always the skeleton ; and it is therefore advantageous to adopt this most 
persistent portion of the animal as the foundation of our generic descriptions. But this 
is not the sole reason for such a conclusion, as it is not only the most enduring portion 
of the animal, but it is also the most undeviatingly regular in the form and arrangement 
of its component structures. However great may be the variations that exist in size and 
form between different species of the same genus, or between individuals of the same 
species, the characteristic tissues of their skeletons are always found to harmonize in their 
structural peculiarities. It appears, therefore, advisable in these animals, as well as in 
the higher classes, to select the skeleton as the primary source of generic distinctions. 
Other portions of the permanent organs may be occasionally resorted to when necessary 
as auxiliary characters, such as the incurrent and excurrent canals, the intermarginal 
cavities, the cloaca, and the various modes of reproduction. Each of these characters 
is of use in generic descriptions to a certain extent ; but none of them is absolutely 
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necessary to the determination of a genus, and occasionally we find one or lnore of these 
modes of organization entirely absent ; we may therefore consider them not as primary, 
but rather as secondary or auxiliary generic characters. 

I therefore propose to consider the varieties in the construction of the skeleton as the 
foundation or primary source of division into genera, and to dedicate that portion of 
the animal especially to that purpose, the auxiliary or secondary characters being 
resorted to only when required to aid and assist the primary ones ; and it is only to a 
very limited extent that they are in reality available. Thus the cloaca in the Order Cal- 
carea becomes a very important means of generic distinction, and in some cases in the 
Order Keratosa it is also a prominent character, while in Silicea it is generally absent. 
In some species of this order, as in Alcyoncellum , Polymastia , and Halyphysema , it 
assumes a normal character, while in several species of Halichondria , as in II. panicea , 
it assumes very striking proportions in excessively developed specimens, whilst in others 
it is either an occasional, uncertain, and progressive organ, or is altogether absent. 

The mode of propagation is also an uncertain character. Thus in Tetliea cranium wc 
find it to be by internal gemmulation, in T. Lyncurium by external gcmmules, and in 
other species of the genus no gemmules of any description have hitherto been detected. 
In Geodia, Pachymatisma , and Spongilla the general structure and mode of disposition of 
the ovaria render them valuable auxiliary generic characters, but in other cases they 
are of little or no value. 

The intermarginal cavities are available as generic characters in Geodia and the 
nearly allied species ; and in the same sponge the relative position of the connecting 
spicula form good distinctive characters in the genera Geodia , Ecionemia , and also 
some of the siliceo-fibrous sponges. In Alcyoncellum , Polymastia , and Geodia the 
position and appendages of the oscula are also available ; but generally speaking those 
organs are so mutable as to render them of little value as generic characters. 

The following tabular view of the arrangement I propose to adopt will perhaps render 
the details regarding the distinctive characters and natural affinities of the genera more 
readily comprehensible. 
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Tabular View of Systematic Arrangement 


• Class. 

Order. 

Suborder. 

Genera. 

PORIFERA. 

I. CALCAREA. 


Grantia, Fleming. 

Lcucosolenia, Bowerbank. 

Leuconia, Grant* * 

Leucogypsia, Bowerbank. 


II. SILICEA. 

1, Spiculo-radiate skeletons 

Geodia, Lamarck. 

Pachymatisma, Bowerbank. 
Ecionemia, Bowerbank. 
Alcyoncellum, Quoy et Guimard. 
Polymastia, Bowerbank. 
Halyphysema, Bowerbank. 
Ciocalypta, Bowerbank. 

Tethea, Lamarck. 

Halicnemia, Bowerbank. 
Dictyocylindrus, Bowerbank. 
Phakellia, Bowerbank. 

Microciona, Bowerbank. 
Ilymeraphia, Bowerbank. 
ilymedesmia, Bowerbank. 
Hymeniacidon, Bowerbank. 
Halichondria, Fleming. 

Hyalonema, Gray. 

Isodictya, Bowerbank. 

Spongilla, Linnceus. 

Dcsmacidon, Bowerbank . 


2. Spiculo-membranous skeletons 


1 

3. Spiculo-reticulato skeletons 



4. Spicnlo-fibrous skeletons 



15, Compound reticulate skeletons 

Raphyrus, Bowerbank. 

Diplodemia, Boicerlank. 
Dactylocalyx, Stutchbury. 

Farrea, Bowerbank. i 



6. Solid siliceo-fibrous skeletons 



7. Canaliculated siliceo-fibroua skeletons 


III. KERATOSA. 

1. Solid non-spiculate kerato-fibrous skeletons ... 

2. Solid semispiculate kerato-fibrous skeletons . . . 

3. Solid entirely spiculate kerato-fibrous skeletons 

4 Simple fistulo-fibrous skeletons 

Spongia, Linnaeus. 

Spongionella, Bowerbank. 
llalispongia, Blainville. 

Cbalina, Grant. 

Verongia, Bowerbank. 

Auliskia, Bowerbank. 

Stematumenia, <fcc., Bowerbank. 
Dysidea, Johnston. 



5 Compound fistulo-fibrous skeletons 



6 Regular semi-areno-fibrous skeletons » 



7. Irregular and entirely areno-fibrou3 skeletons i 


Order I. CALCAREA. 

The number of species of calcareous sponges that are known is comparatively so 
small, and the four genera into which I have divided them are naturally so well charac- 
terized, as to render the establishment of suborders unnecessary. Hereafter, when we 
are acquainted with a greater number of species, and other varieties of organization 
become known, the genera now established may become the types of suborders, for 
which office their distinctly different modes of construction render them eminently 
efficient. 

Although the calcareous structure of the species of this order appears to entitle it to 
precedence in the arrangement of the Spongiadse, it does not maintain in the structure 
of its skeleton throughout the whole of the genera the same high type of formation 
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that is exhibited in Grantia compressa and the allied species, and we observe a pro- 
gressive decline in regularity of structure in its genera very analogous to what we 
find existing among the Halichondroid tribe of sponges ; but in this respect they only 
follow the same laws of gradual degradation that obtain in every other class of created 
beings ; a and therefore this gradual decline in regularity of structure should not militate 
against the claim of even the lowest in organization of the tribe from taking precedence 
of the siliceous sponges. 

Dr. Grant was the first naturalist who decided that the spicula of a certain group of 
small sponges were composed of carbonate of lime, and he separated them accordingly 
from those the spicula of which were siliceous, and assigned to them the generic name of 
Lmcalia (Edinburgh Encyclopaedia, vol. xviii. p. 844) ; and subsequently, in his ‘ Outlines 
of Comparative Anatomy,’ he changed that name to Leuconia. In 1828 Dr. Fleming 
gave to the group the name of Grantia, in compliment to the learned naturalist who 
had first pointed out their peculiar structure. 

A careful examination of the British species of this Order will very soon satisfy a 
naturalist that there are at least four distinct forms in the organization of the skeleton, 
and that each is fully entitled to generic distinction. Thus in Grantia ciliata and 
compressa, Johnston, we find the sponge to be constructed of a series of cells, each 
having separate parictes, and extending from the dermal surface to near the inner 
surface of the sponge, where they discharge the faecal streams into a common cloacal 
cavity. In Grantia botry aides , Johnston, the system of cells is entirely wanting ; the 
sponge is composed of a single thin stratum of membranous structure and spicula, 
surrounding a large cylindrical cloacal cavity, from the terminations of which the fiecal 
streams are discharged. In Grantia nivea , Johnston, we find the sponge massive and 
irregular in form, containing numerous capacious cloacal cavities, each terminated by 
a single large mouth, the interstitial structures between the sides of these great cavities 
and the dermal surfaces of the sponge consisting of irregularly disposed membranes and 
spicula, permeated by contorted interstitial cavities, terminating in simple orifices or 
oscula in the sides of the great fiecal cavity into which they discharge their excurrent 
streams; and in Leucogypsia Gossei , Bovverbank, MS., the sponge is massive, without 
cloaca, formed of irregularly disposed membranous tissues and spicula, and with oscula 
at the external surface, thus simulating to a great extent the mode of structure of the 
Halichondroid tribes of sponges. 

The sponges of this Order appear to possess a high degree of vital power, and I have 
rarely failed in finding the excurrent orifices in vigorous action in either Grantia com - 
pressa , ciliata , or botryoides when recently taken from the sea. In G. compressa , espe- 
cially, I have often observed the inhalant and exhalant actions remarkably vigorous ; and 
if a drop of water containing finely comminuted indigo be mixed with the water in which 
they are immersed, they will become deeply tinctured with it in a very few seconds. 
This vigorous action is accounted for by the highly developed ciliary system, which may 
be readily seen in action if the sponge be carefully split open and immersed in fresh cold 
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sea-water, and examined with a power of about five or six hundred linear by trans- 
mitted light. The cilia will be seen in rapid action just within the oscula which termi- 
nate each of the large angular interstitial cells of the sponge. This action, and the 
mode of the disposition of the cilia within the cells, I have described at length in the 
Transactions of the Microscopical Society of London, vol. iii. p. 137, plate 19. In 
accordance with these variations in structure I purpose dividing the British species into 
four genera. 


Class POBIFEBA, Grant. 

Order I. CALCAREA. 

Genera. Grantia. 

Leucosolenia. 

Leuconia. 

Leucogypsia. 

Grantia, Fleming. 

Sponge furnished with a central cloaca, parietes constructed of interstitial cells, 
more or less regular and angular in form, disposed at right angles to the external 
surface, and extending in length from the outer to very near the inner surface of 
the sponge, where each terminates in a single osculum. 

Type, Grantia compressa, Johnston. 

The cloaca varies in its form and proportion. In some species it has invariably one 
large terminal mouth, while in others it is furnished with several mouths, from which 
the excurrent fecal streams are discharged. 

The interstitial structures of the sponges of this genus assume a greater amount of 
regularity than is found to exist in any other genera of these animals. The whole of 
the parietes of the sponge are formed of somewhat angular cells, the sides of which 
belong to the individual cell, and are not common to the adjacent cells. The length of 
the cells in proportion to their diameter varies in different species, and also in the same 
species in proportion to the age and thickness of the parietes of the sponge. The cell- 
walls are formed of comparatively stout transparent membrane, strengthened and 
supported by numerous triradiate spicula ; and the whole length of the cell, from the 
inner edge of the osculum to near the outer surface of the sponge, is closely studded 
with tessellated nucleated cells, each of which is furnished with a long attenuated cilium. 
Each interstitial cell terminates in a single osculum, slightly within the plane of the 
inner surface of the sponge. I do not remember to have ever seen these oscula entirely 
closed. When the inhalant action of the sponge is in vigorous operation, the excurrent 
streams may be seen issuing from them with considerable force, and the cilia appear in 
action immediately within them. 

Hitherto the mouths of the great cloacal cavity of the sponges of this tribe have been 
described as oscula ; but if we carefully examine the structure of these and similarly 
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formed sponges, we shall find in all cases that those organs exist only on the inner 
surface of the great cloacal cavities. 

The construction of the interstitial cells is best demonstrated in a longitudinal section 
of a dried specimen of Orantia ciliata , mounted in Canada balsam ; and in a specimen 
so prepared, spaces are seen between the cells, which are often nearly half the size of 
the cells. These spaces are most probably produced by the contraction of the tissues 
induced by the mode of the preparation of the object, and do not exist in the living 
sponge ; but they serve admirably to demonstrate the fact that each interstitial cell has 
its own special parietes, and that the divisions between the cells are not common to 
adjacent cells. Plate LXXII. fig. 1, and (Part II.) Plate XXXIII. figs. 1 & 2. 

Leucosolenia, Bowerbank. 

Grantia , Fleming and Johnston. 

Sponge fistular, formed of a single layer of triradiate and other spicula surrounding 
a large central cloaca, which extends into all parts of the sponge. 

Type, Grantia botryoides , Fleming. 

The structure of Grantia botryoides , Fleming, differs essentially from that of Grantia 
compressa of that author, inasmuch as there is a total absence of the interstitial cells 
which are so characteristic of the latter sponge ; and its structure is equally discrepant 
when compared with that of Grantia nivea of Fleming ; for although it possesses cloacae 
in common with that species, it has no approximation whatever to the massive Hali- 
chondroid form of the substance of that sponge. On the contrary, its parietes con- 
sist of a single thin layer of spicula and membranous tissues surrounding a large central 
sinuous cloaca. Plate LXXII. fig. 2. 

Leuconia, Grant. 

Grantia , Fleming and Johnston. 

Sponge furnished with cloaca;, one or more. Parietes of sponge formed of a mass of 
irregularly disposed interstitial membranes, and triradiate and other spicula ; per- 
meated by sinuous excurrent canals, the oscula of which are irregularly disposed 
over the surfaces of the cloaca;. 

Type, Grantia nivea , Fleming. 

Grantia nivea of Dr. Fleming is very different in its structure from either G. compressa 
or ciliata , or of G. botryoides of that author. It has not the regular interstitial struc- 
ture of either of the first two, nor the simple fistulose form of the latter one, but, with 
the exception of the form of the spicula, it closely simulates the structural character of 
the siliceous genus] Halichondria, while it is allied with the before-named calcareous 
sponges by the possession of cloacae. In consequence of these marked differences in the 
structure of the skeleton, I have separated it from Grantia as defined by Dr. Fleming, 
and constituted it a genus, adopting the term Leuconia , which was proposed by Dr. Grant 
as a general designation of the whole tribe of calcareous sponges. Plate LXXII. fig. 3. 
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Leucogypsia, Bowerbank. 

•Sponge massive, without cloacae ; formed of irregularly disposed membranous tissues and 
spicula. Oscula at the external surface. 

The sponges of this genus are still further removed in structural character from the 
more highly organized genera of calcareous sponges Grantia and Leucosolenia than the 
genus Leuconia is. In the arrangement of the interstitial membranes, and the mode of 
dispersion on them of the skeleton-spicula, there is a manifest similitude to the structural 
peculiarities of the genus Ilymen? act don among the Silicea, and we find a corresponding 
simplicity in the characters of the spicula, in Leucogypsia the- type of this genus. There 
are no regularly determined cloacae projected from the surface as in Leuconia ; and the 
excurrent canals of the sponge merge into each other, until they unite in one large canal 
immediately beneath the osculum, in the manner generally prevailing in the great 
mass of Halichondroid sponges. These large canals have defensive spicula similar in 
structure to those of the other genera of calcareous sponges. The only known 
British species of this genus is L. Gossei Bowerbank, MS. ; but I am acquainted with 
an exotic species, L. algoaensis , Bowerbank, MS., which is not uncommon on specimens 
of Zoophytes and Fuci from Algoa Bay and its neighbourhood. Plate LXXII. fig. 4. 


Synopsis of the Suborders of the Silicea and Keratosa. 


Order II. SILICEA. 

Suborder I. Spiculo-radiate skeletons. Not reticulate. Composed of spicula radiating in 
fasciculi or separately from the base or axis of the sponge. 


1. Geodia , Lamarck. 

2. Pachymatisma , Bowerbank. 

3. Ecionemia , Bowerbank. 

4. A/cyoncellum, Quoy et Gaimard. 

5. Polymastia , Bowerbank. 

6. Halyphysema , Bowerbank. 

7. Ciocalypta , Bowerbank. 


8. Tethea , Lamarck. 

9. Halicnemia, Bowerbank. 

10. Dictyocylindrus , Bowerbank. 

11. PhaTcellia , Bowerbank. 

12. Microciona, Bowerbank. 

13. Hymeraphia , Bowerbank. 

14. Hymedesmia , Bowerbank. 


Suborder II. Spiculo-membranous skeletons. Composed of membranous structure, having 
spicula irregularly dispersed on their surfaces. 

Hymeniaci don , Bowerbank. 

Suborder III. Spiculo-reticulate skeletons. Skeletons continuously reticulate in struc- 
ture, but not fibrous. 

1. Halichondria , Fleming. 

2. Hyalonema , Gray. 

3. Isodictya , Bowerbank. 

4. Spongilla , Linneeus. 
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Suborder IV. Spiculo-fibrous skeletons. Regularly fibrous. Fibres filled with spicula. 

1. Desmacidon , Bowerbank. 

2. Raphyrus, Bowerbank. 

Suborder V. Compound reticulate skeletons, having the primary reticulations fibro- 
spiculate, and the interstices filled with a secondary spiculo-reticulate skeleton. 

Diplodemia, Bowerbank. 

Suborder VI. Solid siliceo-fibrous skeletons, reticulate. Fibres composed of concentric 
layers of solid silex ; without a central canal. Reticulations unsymmetrical. 

Dactylocalyx , S tutchbury = Ipkiteon of the Museum at the J ardin des Plantes, Paris. 

The structure of the fibre in this suborder of siliceo-fibrous sponges is equivalent to 
that in the first suborder of the third order, Keratosa. 

Suborder VII. Canaliculated siliceo-fibrous reticulated skeletons. Fibres composed of 
concentric layers of solid silex, with a continuous central canal. Reticulations 
symmetrical. 

Farrea , Bowerbank. 

The construction of the fibre of the skeletons of this suborder of siliceo-fibrous 
sponges is the equivalent of the fibrous structure of the fourth suborder of the third 
order, Keratosa. 

Order III. KERATOSA. 

Suborder I. Solid non-spiculate kerato-fibrous skeletons. 

1. Spongia , Linnaeus. 

2. Spongioviella, Bowerbank. 

No spicula are secreted in any of the parts of the sponges of this suborder. 

Suborder II. Solid semispiculate kerato-fibrous skeletons. Skeleton partially symme- 
trical ; primary lines of fibre radiating from the proximal to the distal parts of 
the sponge ; fibres containing spicula. Secondary lines of fibres unsymmetrical, 
destitute of spicula. 

The Bahama sponges of commerce are most of them members of this suborder. 

Halispongia , Blainville. 

Suborder III. Skeletons kerato-fibrous ; fibres solid, entirely interspiculous. Skeleton 
* symmetrical. 

Chalina , Grant. 

In this suborder the keratode is the primary material in the structure of the fibre, 
and the spicula the secondary or auxiliary agent. The reverse is the case in the spiculo- 
fibrous tissues of the fourth suborder of Order II. Silicea. 
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Suborder IV. Simple fistulo-fibrous skeletons. Cavity of the fibre simple, central, and 
continuous. 

Verongia , Bowerbank. 

Spongia fstulosa , Lamarck. 

The genus Verongia was described by me in the Annals and Magazine of Natural 
History for May and December 1845. 

The same relative differences exist between the fibrous structures of the suborders 
six and seven of the second order, Silicea, that we observe between those of the first and 
fourth suborders of the third order, Keratosa. 

Suborder V. Compound fistulo-fibrous skeletons. Central cavity of the fibre single and 
continuous, having secondary csecoid branches radiating from it at nearly right 
angles. 

Auliskia, Bowerbank. 

This genus was described by me in the Annals and Magazine of Natural History for 
May and December 1845. 

Suborder VI. Regular semi-areno-fibrous skeletons. Skeleton regularly areno-fibrous, 
having a well-defined central line of grains of extraneous matter within the fibres. 

Stematumenia , Bowerbank. 

In the sponges of this suborder the extraneous material is subordinate to the keratose 
fibre, in which it exists in the form of a central line of sand or other extraneous matters, 
constituting an axial line in the fibre surrounded by a thick coat of pure keratode. The 
axial line of sand is generally confined to the primary fibres of the skeleton, the secondary 
ones being usually without it. A portion of the commonest Bahama sponges of com- 
merce belong to this order. 

Suborder VII. Irregular and entirely areno-fibrous skeletons. Skeleton irregularly areno- 
fibrous, having the skeleton-fitye filled from the centre to the surface with grains of 
extraneous matter. 

Dysidea :, Johnston. 

In the skeletons of the sponges of this suborder the keratode appears subordinate to 
the extraneous matter ; the fibres frequently appearing to consist almost entirely of sand. 


On the Arrangement of the Genera. 

The genus Ualichondria , as established by Fleming and adopted by Dr. Johnston, 
when applied to the arrangement of exotic as well as British species, embraces so wide 
a range as to afford little or no assistance in the determination of species. Under this 
designation every known sponge would be arranged having silex as the earthy basis of 
its skeleton, however varied their anatomical structure might be, excepting the few 
species contained in the genera Geodia, Tethea , and Spongilla. 

Dr. Johnston, in his * History of British Sponges,’ has divided the British species into 

7x2 
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three sections, dependent on their form, a character so mutable among the Spongiada?, 
as to render it of little value, under any circumstances, when unaccompanied by struc- 
tural peculiarities. I have therefore thought it advisable to distribute the genera 
included in the order Silicea among seven suborders, founded on the most striking pecu- 
liarities of the structure of the skeleton. 

The first of these will consist of sponges having spiculo-radiate skeletons. Skeletons 
not reticulated, but composed of spicula radiating in fasciculi or separately from the 
base or axis of the sponge. This order will contain as many as fourteen distinct genera, 
the whole of which have skeletons the spicula of which are arranged in radial order. 
The mode of the radiation in these fourteen genera is not precisely the same, but they 
form three closely according groups, of which the leading genus of each of the first 
two may be considered as the type. 

1. Geodia , Lamarck. 5. Polymastia , Bowerbank. 

2. Pachyinatisma , Bowerbank. 6. Jlalyphysema , Bowerbank. 

3. Ecionemia, Bowerbank. 7. Cioca/ypta , Bowerbank. 

4. Alcyoncellum , Quoy et Gaimard. 

The second group contains : 

1. Tethea , Lamarck. 3. Dictyocylindrus, Bowerbank. 

2. Halicnemia , Bowerbank. 4. Phakellia, Bowerbank. 

In the whole of the first two groups, excepting Jlalyphysema , the skeleton-radiations 
are fasciculated to a greater or a less amount in the different genera. 

The third group will comprise : 

1. Microciona, Bowerbank. 

2. Hymeraphia , Bowerbank. 

3. Eymedesmia, Bowerbank. 

The most striking general character in these three genera is the extremely thin coat- 
ing-form of the sponge, and the radiation of the sk^eton-spicula, either singly or in an 
irregularly fasciculated form, from a common basal membrane, the thickness of the 
sponge in some of the species being less than the length of one of the radiating skele- 
ton-spicula. 

Order II. SILICEA. 

Suborder I. Spiculo-radiate skeletons. Not reticulate. Composed of spicula radiating 
in fasciculi or separately from the base or axis of the sponge. 

Geodia, Lamarck. 

Skeleton : spicula fasciculated, radiating from the base or central axis of the sponge to the 
surface. Dermis crustular, furnished abundantly with closely packed ovaria. Ovaria 
siliceous, composed of cuneiform spicula, firmly cemented together by silex, in lines 
radiating from the centre of the ovary. Pores furnished with oesophageal tubes * 

* i. e. tubes resembling in their office the oesophageal tubes of the higher animals. The expression 
“ pyloric valve ” used further on is to be understood in a similar sense. 
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terminating in the distal extremity of the intermarginal cavities. Intermarginal 
cavities separate, symmetrical, subcylindrical ; each furnished with a membranous 
valve at its proximal extremity. 

The genus, as described by Lamarck*, is so loosely characterized that I have thought 
it better to reconstruct it entirely than to endeavour to amend it. I have therefore 
given a new series of characters, founded solely on its structural and organic pecu- 
liarities. I am acquainted with seven species, all of which perfectly agree in the 
essential generic characters as thus constructed. 

The type specimen of Lamarck’s Geodia (jibberosa in the Museum of the Jardin des 
Plantes of Paris, the organization of which, through the kindness of Professors Milne- 
Ed wards and Valenciennes, I have had an opportunity of thoroughly examining, is 
unfortunately in so deteriorated a condition in many respects, and especially in regard 
to the dermal membrane and pores, that I have been induced to select G. Barretti from 
which, to a great extent, to describe the interesting and highly organized structures of 
this genus ; and I have the advantage also in this species of having a portion of a speci- 
men which has never been deteriorated by drying, having been pickled in strong salt 
and water immediately on being taken from the sea, by my friend Mr. M c Andrew, and 
in this state it closely resembles a mass of somewhat indurated animal liver. 

The skeleton is composed of continuous fasciculi of stout long spicula, which in 
massive specimens radiate from the base to the outer surface of the sponge, or, if the 
species be of an elongated form, from the central axis to the circumference, where in 
either case they terminate at the inner surface of the crustular dermis, intermixing with, 
and being firmly cemented to, the shafts of the expando-temate connecting spicula, which 
are attached to and firmly support the inner surface of the crustular dermis. 

The organization of this external crust is exceedingly interesting. The outer surface 
is composed of a uniform thin pellucid dermal membrane, perforated with innumerable 
minute pores, variable in their diameter, and apparently possessing the power of open- 
ing or closing at the will of the animal. Immediately beneath the dermal membrane 
there is a stratum of sarcode of variable thickness in different species ; and this stratum 
is permeated by numerous short canals, connecting the external pores with the inter- 
marginal cavities which occupy, at nearly equidistant points, the thick stratum of ovaria 
forming the inner layer of the crustular dermis. In dried specimens, the positions of 
the intermarginal cavities are usually indicated on the surface of the sponge by a series 
of dimples or pits, frequently assuming, by the contraction of the dermal membrane, 
more or less of a stellated appearance. The proximal extremities of these organs is at 
the inner surface of the stratum of ovaria, and the distal extremities at the outer sur- 
face of the same stratum ; and this termination has usually a greater diameter than the 
proximal end, which is furnished with a stout contractile diaphragm or pyloric valve. 

* Polyparium liberum, carnosura, tuborifqfmo, intua cavum et vacuum, in aicco durum ; externa auperficie 
undique porosA. Foramina pons majora in area unica orbiculari et laterali observata. (Lamarck, Anim. a. Vert. 
2de ddit. ii. p. 593.) 
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The expando-temate spicula, which are situated at the distal extremities of the radial 
fasciculi of the skeleton, diverge slightly from each other from their basal extremities, 
so that their triradiate heads, when firmly cemented to the inner surface of the ovarian 
stratum, form a strong and regular siliceous network, the points of the radii of each 
being cemented by keratode to those of its next neighbour ; and within the area of each 
of these meshes of the network there is the proximal end of an intcrmarginal cavity, 
the diaphragm of which frequently occupies the greater portion of the area, having a 
much greater diameter than that of the proximal orifice of the cavity, so that when 
fully opened its orifice is quite equal to that of the intermarginal cavity. The ovaries 
vary considerably in size in different species. In the adult and prolific condition they 
have the form of a strong, thick-shelled, more or less globose ovarium, having a funnel- 
shaped orifice at the apex, which communicates with the central cavity, which, in the 
prolific state, is filled with closely-packed minute vesicular bodies, very similar in 
appearance to those contained in the ovaria of the Spongilladaj, but apparently more 
minute. In this condition of the ovary its parietes are formed of acutely cuneiform 
spicula, firmly cemented together by siliceous matter, the united apices forming the 
inner surface of the ovarium, while the united truncate bases form the external sur- 
face. In the early and immature state of the ovaria these truncated bases are not 
produced, and the young ovary has its outer surface bristling with pointed spicula, which 
are most acute in the youngest specimens, and become gradually more obtuse as they 
approach maturity. After the prolific contents of the adult ovary have been liberated, 
the internal cavity is gradually filled up by the extension inwards of the apices of the 
cuneiform spicula, until it becomes eventually a solid body ; and a similar secretion of 
siliceous matter is also frequently continued at the outer surface until it often assumes 
an irregular tuberous and quite abnormal appearance. 

The ovarian stratum of the crustular dermis is principally composed of exhausted solid 
ovaria ; but occasionally near the outer surface of the stratum a few prolific ones may be 
observed, but the greater number of these bodies and of those in an early stage of deve- 
lopment are situated amid the deeply-seated portions of the sponge, scattered irregularly 
over the sarcodous membranes and deeply immersed in the sarcode. In the young state 
they each appear to be surrounded by a firm stratum of sarcode, which, from its perfectly 
smooth and circular form, is apparently contained within a proper membrane, but in the 
fully developed and in the exhausted ovaria this sarcodous envelope is not observable. 
This description of the organization of the genus will apply equally well to any one of 
the seven species with which I am acquainted, and also to the nearly allied genus 
Pachymatisma , excepting the mode of the arrangement of the skeleton in the latter. 

Both the type specimens of Oeodia in the Museum at the Jardin des Plantes appear 
to have had large central cavities ; but I have not found similar excavations in other 
species of the genus, excepting in one instance, a Oeodia from Port Elliot, Australia; 
the internal surface in each of the three cases presehts precisely the same appearance — 
a simple irregularly matted surface of spicula and membranes without any thickening of 
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the tissues, and differing in no respect from the surfaces of any of the smaller internal 
cavities of the sponge. I am therefore inclined to consider such excavations as abnor- 
mal occurrences, which are not entitled to be considered as of either generic or specific 
value. Part II. Plate XXXII. figs. 2, 3, & 4; and Plate LXXII. fig. 5. 

Pachymatisma, Bowerbank. 

Skeleton composed near the external surface occasionally of short fasciculi of siliceous 
spicula, disposed in lines at about right angles to the surface of the sponge. Central 
portion of the sponge unsymmetrical. Dermis crustular, furnished abundantly with 
closely packed ovaria. Ovaria siliceous, formed of cuneiform spicula, firmly cemented 
together in lines radiating from the centre of the ovary. Pores furnished with 
oesophageal tubes, terminating in the distal extremity of each intermarginal cavity. 
Intermarginal cavities symmetrical, subcylindrical, with a pyloric valve at the 
proximal end of each. 

Since the first publication of my description of the sponge on which this genus is founded 
in the Synopsis Spongiarum of Dr. Johnston’s ‘ History of British Sponges,’ p. 243, 1 
have found it necessary to base the generic characters of the Spongiadae on the structural 
peculiarities of the skeleton and reproductive organs. I have therefore reconstructed 
the character of the genus in accordance with this rule. 

This genus is closely allied to Geodia in its organic structure, but the difference in 
the arrangement of the skeleton readily distinguishes them. The general aspect of the 
species of each genus is also strikingly distinct. I am acquainted with six species of 
Geodia and three of Pachymatisma ; and in every case the species may be readily referred 
to its proper genus even by its general aspect. All the species of either genus have a 
crustular dermis, and the structures of the ovaria are also alike in each. I have described 
the anatomical peculiarities of the latter organs so fully in the description of the generic 
characters of Geodia as to render it unnecessary to treat of them here. Plate LXXII. 
fig. 6. 

Ecionemia, Bowerbank. 

Sponge having a strong axial column or centre of closely packed siliceous spicula 
disposed in lines parallel to the long axis of the sponge, from which axial column 
or centre a peripheral system of spicula radiates at about right angles. Distal ends 
of the radii furnished more or less with temate connecting spicula, the radii of 
which are disposed immediately beneath the dermal membrane. 

This genus differs from Dictyocylindrus in having the axial column composed of a 
dense mass of parallel spicula instead of a column formed of an open network of spicula ; 
and the peripheral system is also different, inasmuch as it is essentially a portion of the 
interstitial system of the sponge, and not more especially a defensive system as it 
appears in Dictyocylindrus , in no species of which genus have there ever yet been found 
temate spicula at the surface, while in Ecionemia acervus , the type species of the genus, 
they are abundant. 
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The structure of the peripheral system exhibits a close alliance with the genera Pachy - 
matisma and Tethea. Ecionemia differs from Oeodia and Pachymatisma in the total 
absence of the siliceous ovaries, and of the crustular dermal coat formed principally of 
those bodies in the last-named genera. There are also no cylindrical valvular inter- 
marginal cavities, and the temate apices of the connecting spicula appear always to be 
applied to the inner surface of the dermal membrane. This arrangement of the tissues 
therefore forms a natural transition from Pachymatisma to Tethea, in some species of 
which genus the temate spicula are found without the dermal membrane in the porrecto- 
ternate form, and are adapted to defensive purposes, while in others they occur imme- 
diately beneath it as patento-ternate connecting spicula. I have therefore assigned this 
genus a position between Pachymatisma and Dictyocylindrus. Plate LXXIII. fig. 1. 

We have no British species of this genus ; the type species, Ecionemia acervus. Bower- 
bank, MS., is in the Museum of the Royal College of Surgeons of London. 

On the Genus AlcyoNcellum, Quoy et Gaimard ( Euplectella , Owen). 

Professor Owen, in his paper on Euplectella aspergillum, Owen, communicated to the 
Zoological Society January 26, 1841, and published in the Transactions of the Zoolo- 
gical Society of London, vol. iii. part 2. p. 203, pi. 13, appears to have fallen into a 
singular number of errors in the course of his description of this beautiful sponge. He 
has, in the first place, designated it as belonging to the Alcyonoid family, apparently 
only because it is cylindrical in form and reticulate in structure, but without the 
slightest reference to the polyps that must necessarily characterize an Alcyonium ; and 
he proceeds in his description to describe the base of the sponge as its apex and the 
apex as its base. The author then notices the first specimen of this genus that was 
made known to us by MM. Quoy and Gaimard, in the 4 Zoologie de l’Astrolabe,’ 8vo, 
1833, p. 302, planches fol. Zoophytes, pi. 26. fig. 3, but unfortunately mistakes the 
generic name Alcyoncellum , applied to the sponge by the French authors, for Alcyonel- 
lum ; and having mistaken its name, its base, and its apex, he proceeds to reason on its 
generic characters thus : — “ If the basal aperture of the cone were open, the resem- 
blance to some of the known reticulate Alcyonoid sponges would be very close, espe- 
cially to that called Alcyonellum gelatinosum by M. de Blainville, ‘ Manuel d’Actino- 
logie,’ 8vo, 1834, p. 529 (Alcyonellum speciosum , Quoy et Gaimard) : its closure by the 
reticulate convex frilled cap, in the present instance, establishes the generic distinction ; 
and in the exquisite beauty and regularity of the texture of the walls of the cone, the 
species surpasses any of the allied productions that I have yet seen or found described. 
I propose, therefore, to name it Euplectella aspergillum. ” In note 5 appended to this 
paper, Professor Owen also says, “ If the recognition of the generic or specific identity 
of the specimen here figured be impracticable by reason of its mutilated condition, the 
generic name applied to it cannot be adopted while the Lamarckian genus of freshwater 
polyps, Alcyonella, is retained in Zoology.” Now as it is manifest that the reasoning of 
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Professor Owen in favour of his proposed genus Euplectella is based, not upon one only, 
but upon a series of errors ; and as he has not attempted to characterize his own genus, 
while that of Alcyoncellum , Quoy et Gaimard, is regularly described in the ‘ Histoire 
Naturelle des Animaux sans Vertebres’ by Lamarck, 2nd edit. vol. ii. p. 589, printed in 
1836, it is evident that the generic name of the French authors must take precedence 
of that proposed by Professor Owen. 

The following is the generic description of MM. Quoy et Gaimard : — 

“ Genre Alcyoncelle (. Alcyoncellum ). 

Spongiaire lamelleux, dont la charpente est formee de filets tr&s dlli£s, accoles les uns 
aux autres et entre-croises de manure & former des mailles nombreuses, arrondies, 
assez regulieres, et semblables & celles d’une den telle.” 

In this generic description the material of which the sponge is formed is not in the 
slightest degree indicated, and the description of its structural peculiarities is so general • 
that it will apply equally well to almost every known fistulose sponge. 1 have there- 
fore thought it necessary to arrange the sponges of this genus with their congeners in 
material and mode of construction, and to reconstruct the generic characters so as to 
endeavour to limit the genus within definite bounds. I propose therefore to substitute 
the following characters for those of the French authors. 

Alcyoncellum, Quoy et Gaimard. 

Euplectella , Owen. 

Sponge fistulate ; fistula single, elongate, without a massive base. Skeleton : primary 
fasciculi radiating from the base in parallel straight or slightly spiral lines ; secon- 
dary fasciculi at right angles to the primary ones. Oscula congregated, with or 
without a marginal boundary to their area. 

The congregation of the oscula in Alcyoncellum corbicula and A. aspergillum is not a 
character peculiar to those sponges. A similar mode of arrangement exists in several 
Species of Qeodia. In 0. gibber osa, in the Museum of the Jardin des Plantes at Paris, 
they are congregated in an area with a well-defined boundary, and in specimens of 0. 
Barretti in my possession they are situated in deep depressions or cavities on the sur- 
face of the sponges ; and these cavities or areas are not uniform in either shape or size ; 
so we may infer that the presence in some species of Alcyoncellum of a well-defined 
marginal boundary to the oscular area, and its absence in other species, amounts to a 
specific difference rather than to a generic distinction ; but in either case the oscula are 
congregated at the distal extremity of the sponge, and the areas of its parietes are the 
inhalant portions of the animal. The inhalation and exhalation of water is precisely on 
the same principle as that which obtains in Grantia ciliata ; the whole of the parietes 
are appropriated to inhalation, the incurrent streams are passed through the interstitial 
cavities and discharged into a common cloaca, and the effete stream ejected at tflie- distal 
MDCCCLXII. 7 L • 
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extremity of the sponge, — the essential difference being that in Qrantia the distal end 
of the cloaca is open, and in Alcyoncellum it is partially closed by a cribriform veil, the 
orifices of which appear to be the true oscula of the sponge. And this opinion is justi- 
fied by the structure of the numerous cloacae in the closely-allied genus Polymastia, 
where we find the orifices through which the incurrent streams are poured into the 
cloaca permanently open. 

All the known species of this genus appear to consist of a single fistulose body, and 
some of them are apparently of a parasitical habit. Alcyoncellum aspergillum especially 
is furnished with numerous recurvo-quatemate spicula at its base, by which it attaches 
itself to sponges oi' other bodies. These prehensile organs do not appear in all the 
species of the genus ; and in one perfect and beautiful specimen in the Museum of the 
Jardin des Plantes at Paris the base is closed, and is entirely destitute of prehensile 
spicula. The attachment of the sponge is partly, on one side, in the form of a thick 
. incrustation, and partly, close to the base, by a similar patch of thickened tissue. There 
is also another striking difference in its structure ; and that is, the absence of the raised 
margin to the oscular area at the apex of the sponge. In other structural characters it 
agrees exceedingly closely with A. aspergillum. 

Polymastia, Bowerbank. 

Skeleton a basal mass ; central portion consisting of a plexus of contorted anastomosing 
fasciculi, resolving themselves near the surface into short straight bundles disposed 
at nearly right angles to the surface. Oscula congregated, elevated on numerous 
long fistula). Fistula; composed of numerous parallel fasciculi, radiating from the 
base to the apex of each in straight or slightly spiral lines. Plate LXXIII. fig. 2. 

This genus is closely allied to Alcyoncellum, Quoy et Gaimard, the principal differ- 
ence being that in the latter the sponge always consists of a single fistula, while in the 
former it is constructed of a basal mass from which numerous fistula; emanate. The 
tistular organs in each genus very closely resemble each other in their form and structure. 
Besides these structural differences, there are others, of a less striking description, that 
strongly indicate the necessity for generic separation. Thus in Alcyoncellum corbicula, 
in the Museum at Paris, and Euplectella aspergillum, Owen, there are an abundance of 
interstitial spicula of rectangulated sexradiate forms, which are very characteristic of 
those species, while the British species of Polymastia with which we are acquainted 
appear to be totally destitute of these complicated and beautiful forms of spicula. I have 
therefore thought it desirable, notwithstanding the close agreement that exists in the 
structure of their fistula;, that a generic distinction should be established between them. 

Haliclwndria mammillaris, Johnston, is the best type of the genus Polymastia. The 
whole of the parietes of these elongated fistulas are inhalant. In some specimens of 
P. mammillaris dredged in Vigo Bay by my friend Mr. M c Andbew, the open pores are 
exceedingly numerous, and the exhalant organs are as distinctly shown to be confined to 
the dist&l extremities of the fistulas. 
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Halyphysema, Bowerbank. 

Sponge consisting of a hollow basal mass from which emanates a single cloacal fistula. 
Skeleton : spicula of the base disposed irregularly ; spicula of the fistula disposed 
principally in lines parallel to the long axis of the sponge, without fasciculation. 

In its form and habit the type of this genus closely resembles Polymastia brevis ; but 
the total absence of fasciculi in its construction at once marks it as a distinct genus, 
although a closely allied one. The type species, If. Tumanowiczii, is remarkable as 
being the smallest known British sponge ; it rarely exceeds a line in height. The base 
of the sponge resembles in form the half of an orange cut at right angles to its axis ; and 
the fistular cloaca is usually dilated at its distal extremity. I have been unable to 
detect either oscula or pores in any of the numerous specimens I haw examined ; but, 
from the general accordance in structure with the genera Alcyoncellum and Polymastia , 
there is a strong presumption that the oscula will prove to be congregated at the distal 
extremity of the cloacal fistula, as in those genera. Plate LXXIII. fig. 3. 

Ciocalypta, Bowerbank. 

Skeleton composed of numerous closed columns, ea.'h consisting of a» central axis of 
compact, irregularly elongated reticulated structure, from the surface of which 
radiate, at about right angles, numerous short simple cylindrical pedicels, or stout 
fasciculi of closely packed spicula ; the distal ends of each pedicel separating and 
radiating in numerous curved lines, which spread over the innei*surface of the der- 
mal membrane, separating and sustaining it at all parts, at a considerable distance 
from the central axis of the skeleton. 

This genus is allied by its structural peculiarities, to a certain extent, to Dictyocylin- 
drus, Bowerbank, Hyalonema , Gray, and Alcyoncellum , Quoy et Gaimard. The central 
axial column of the skeleton is composed of elongated stout reticulations of siliceous 
spicula, closely resembling the corresponding tissues of the axial column of a Dictyocy- 
lindrus ; but the space between the surface of the column and the inner surface of the 
dermis is not filled, as in that genus, by the usual interstitial structures of the sponge, 
it is completely and widely separated from the dermis in a manner very similar to that 
of the structure of the greatly elongated cloacal appendage of Hyalonema mirabilis as . 
it appears in its present condition in the most perfect specimens in the British Museum 
and in the collection of Dr. Gray. There is this difference between the structures of the 
two genera. The coriaceous dermis surrounding the beautiful spiral axial column of 
HyaUmema is very thick, and is abundantly furnished with projecting oscula; and it 
does not present any indications of lateral pedicels, either on its inner surface *or on the 
surface of the axial column, while these organs are abundant in C. penicillus , and its 
dermis also is comparatively thin and delicately reticulated. 

The dermal portion of the sponge in C. penicillus, and the reticulated tissues on its 
inner surface, closely resemble the corresponding tissues in Alcyoncellum in their struc- 

7 l 2 
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ture. The pores, in number, size, and mode of distribution, are very similar to those of 
Polymastia robusta , Bowerbank ; but the stratum of these reticulated skeleton-structures 
is not so thick in proportion, and in Alcyoncellum and Polymastia there is no central 
axial column. I could not detect interstitial membranes in any part of the space inter- 
vening between the axial column and the dermis in C. penicillus; but the skeleton-column 
is permeated by numerous interstitial canals. 

The structure of the short pedicels passing from the axial column to the inner surface 
of the dermis is different from that of the axis ; the spicula composing them are parallel 
to each other, and they are firmly packed together. The bases of the pedicels arise 
from the surface and from within the substance of the central column, with which they 
appear to have no further connexion than that which is necessary to secure them firmly 
in their respective positions. Their apices present a very beautiful appearance, spread- 
ing out towards the inner surface of the dermis in curves diverging at angles of about 
45 degrees in every direction over it, — which, when viewed with a microscopic power of 
about 100 linear, resembles an elaborate and beautifully groined roof of a Gothic crypt. 
Plate LXXIII. figs. 4 & 5. 


. Tethea, Lamarck. 

The following are the generic characters given by Lamarck, in his ‘Anim. sans Vert.’ 

2nd edit. ii. 384 : — 

“T£thie (Tethea). 

“ Polypier tubereuf , subglobuleux, tres fibreux interieurement ; & fibres subfasciculees, 
divergentes ou rayonnantes do l’interieur & la circonference et agglutinees entre 
elles par un peu de pulpe ; a cellules dans un encroutement cortical quelquefois 
caduc. Les oscules rarement perceptibles.” 

Dr. Johnston’s version of the generic characters differs slightly from Lamarck’s. 

It is as follows : — 


“Sponge tuberous, suborbicular, solid and compact, invested with a distinct rind or 
skin, the interior sarcoid loaded with crystalline spicula collected into bundles and 
radiating from a more compact nucleus to the circumference. Marine.” 

It is much easier to find faults in the generic characters of both the authors quoted, 
than it is to improve them. The extreme simplicity of the structural characters of 
Tethea is a strong temptation to endeavour to multiply them; but in doing so, Dr. 
Johnston has introduced two— -the structure of the dermal portion of the sponges, and 
the tuberous nature of its surface — which are not common to all the known species. If 
we consider the word “ tuberous ” in the usual English acceptation of the word, as a 
body “ full of knobs or swellings,” then very few or perhaps none of the species of 
Tethea would, in their natural condition, exhibit this character ; but all of them would 
be in a greater or less degree subglobular. Dr. Johnston’s description of Tethea was 
founded on the structure of T. Lyncurium only ; and in this species the “ thick rind ” is 
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very distinctly to be seen, but in other species this structure is totally wanting. It 
therefore ceases to be of value as a generic character, and becomes a specific one only. 
Under these circumstances I propose the following modification of the previously pub- 
lished generic characters : — 

♦ 

Sponge massive, suborbicular. Skeleton consisting of fasciculi of spicula. Fasciculi 
radiating from a basal or excentrical point to the surface. Intermarginal cavities 
unsymmetrical, confluent. Propagation by internal or external gemmulation. 

This genus affords us one of the few instances in which we may avail ourselves of 
external form as a generic character ; but even in Tethea we approach exceptions to the 
rule in the depressed form of T. Collingsii , Bowerbank, MS., as exhibited in the only 
perfect specimen of that species which I have seen, and in the still more depressed form 
of T. spinularia, Bowerbank, MS. 

Although the skeleton-structures in the species of this genus differ to an exceedingly 
slight extent, the subsidiary spicula vary exceedingly in the different species. In some, 
ternate spicula are numerous, and in others they are entirely absent ; and stellate forms 
of spicula occur in many varieties of form. 

The sponges of this genus appear to be highly organized. Audouin and Milne- 
Edwards saw the oscula open and the excurrent streams in action, and I have seen the 
same myself in a specimen of T. Lyncurium. My friend Mr. George Clifton, of Free- 
mantle, Western Australia, in a letter dated 25th January, 1861, writes, “I have sent 
you several fine specimens of Tethea. When these animals are first, taken out of the 
water they arc of a brilliant orange-colour, and commence squirting water from the oscula 
situated on the centre of the upper surface ; they also contract considerably, but on being 
replaced in their native element they regain their natural size and reabsorb water.” 

The mode of propagation varies in different species. In T. cranium and T. similli - 
mus, Bowerbank, MS., it is by internal gemmulation, in T. Lyncurium by external gem- 
mulation ; and in some other species the mode is not apparent. Plate LXXIII. fig. 6, 
and Part II. Plate XXIX. fig. 12. 

Halicnemia, Bowerbank. 

Skeleton formed of a single superior stratum of spicula radiating from the centre to 
the circumference of thfe sponge at about its middle, and of ah inferior stratum of 
spicula distributed without order. 

The nearest alliance to this genus appears to be Tethea , in which the skeleton is 
formed of numerous fasciculi of spicula radiating from the centre to all parts of a sphe- 
rical or elliptical mass ; while in Halicnemia the radiating fasciculi are confined to a 
common plane, beneath which there is a second stratum of spicula, which fills the 
4>ace beneath the radial stratum and the lower surface of the sponge, but without being 
disposed in order, and the spicula of the inferior stratum differ materially in form and 
proportions from those of the superior one. 
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In the only two specimens of this genus that I have seen, there is a small pebble 
imbedded in the centre of each sponge, from the surface of which the basal fasciculi of 
the radial series emanate ; but although this appears to be the established habit of this 
species, it is advisable not to consider it as a generic character, although it may even- 
tually prove to be that the pebble is as much a portion of the skeleton of the animal 
as the grains of extraneous matter which are taken up by and become imbedded in the 
keratose fibres of the genus Dysidea. Plate LXXIV. figs. 4 & 5. 

Dictyocylindrus, Bowerbank. 

Skeleton without fibre, composed of a loosely compacted columnar axis of spicula, 

disposed principally in the direction of the line of the axial column, from which a 

peripheral system of long single or fasciculated defensive spicula radiate at right 

angles to the axial column. 

♦ 

Halichondria hispida , Johnston, and Sponrjia stuposa , var. damicornis , Montagu, are 
excellent types of the peculiar mode of arrangement of the spicula which characterizes 
this genus. The skeleton consists of a central column of large elongate spicula, disposed 
principally in the line of the axis of the sponge and at a slight angle to it, approaching 
in form an irregular cylinder of network of elongated meshes, rarely exhibiting an 
appearance of horny fibre, but formed for the most part of spicula cemented together 
near their terminations. Towards the base of the sponge the horny substance surround- 
ing the spicula is sometimes so thick as to simulate a proper horny fibre ; but if it be 
carefully traced, it will always be found to be dependent on the spicula : where their 
course is abruptly terminated the horny structure also terminates, whereas in true lioray 
fibrous structures which contain spicula the course of the fibre is continuous and uni- 
form whether the spicula be present or deficient, and in the newly produced fibre the 
latter is generally the case. 

The structure of the skeleton in this genus differs from that of Halichondria oculata , 
Johnston, or Chalina oculata , Bowerbank, in the regularly elongate disposition of the 
spicula of the skeleton; and the spicula are necessarily very much larger and longer 
than those included in the close fibrous network of II. oculata ; and it is still further 
removed from the homy fibrous structure of Halichondria cervicornis , J ohnston, Hist. 
Brit. Sponges, pi. 4. • The axial column of this genus differs strikingly from that of the 
strong closely packed axis of Ecionemia ; and the peripheral system of spicula are never 
furnished with temate connecting spicula. All the species of this genus I have 
hitherto seen are more or less ramous in form. Part II. Plate XXIX. fig. 11 ; and Plate 
LXXIII fig. 7. 

Phakellia, Bowerbank. 

Skeleton composed of a multitude of primary cylindrical axes, radiating from a common 
base and ramifying continuously, from which emanate at about right angles to the 
axes a secondary series of ramuli, which ramify continuously as they progress.towards 
the surface, but never appear to anastomose. 
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I know of no other species, either British or foreign, that possesses the peculiar con- 
formation that distinguishes the sponge that is the type of this genus. The primary 
cylindrical axes very closely resemble those of Dictyocylindrus ; but in that genus the 
spicula radiating from the axes are separate and distinct, each having its proximal end 
based on the primary cylinders of the skeleton, and its distal one reaching nearly to, 
or passing through, the dermal membrane of the sponge ; or if they be fasciculated, the 
fasciculi are simply plumose, and in no case with which I am acquainted at all ramu- 
lose. In Phakellia the secondary skeleton is formed of distinct slender branches, each 
composed of numerous spicula ramifying continuously, and each ramulus increases in 
size and the number of its spicula as it approaches the surface of the sponge. Single 
spicula are frequently projected from the ramuli in an ascending direction at an angle 
of a few degrees, and at their distal terminations at the surface of the sponge ; the 
whole of the terminal spicula radiate more or less at angles from their axial line, and, 
passing through the dermal membrane, form the external defences of the sponge. 
Although constantly ramifying and freely intermingling, I havo never detected them 
anastomosing. The term Phakellia is applicable to both the primary and secondary rami- 
fications of the skeleton. The type of this genus is Halichondria ventilabrum , Johnston. 
I have not yet met with an exotic species of the genus. Plate LXXIV. fig. 1. 


The genera Microciona , Ilymeraphia , and Ilymedesmia form a group essentially 
different in structural character from the other genera of the Spongiadse ; but they are 
closely allied to each other by the peculiar characters of their basal membranes, in con- 
junction with the other parts of the skeleton. From the nature of their structures, the 
species generally assume a thin coating-form and are often very minute. 

In most of the genera of Spongiadie the basal membrane of the sponge ceases to be of 
marked importance after the earliest stages of its development, but in these genera' it 
continues throughout the whole existence of the sponge to form an important part of 
its skeleton-structure. It is a common base whence spring the whole of the other com- 
ponent parts of the skeleton ; and its importance is further indicated by its also being 
in some species the common base of the internal as well as thg external defensive 
spicula of the sponges in which those organs occur. 

Microciona, Bowerbank. 

Skeleton a common basal membrane, whence spring at or about right angles to its 
plane n um erous separate columns of spicula intermixed with keratode, furnished, 
externally with spicula which radiate from the columns at various angles towards 
the dermal surface of the sponge. 

*The skeleton of the type of this genus, M. atrosanguinea , , is different from that of any 
other genus of sponges that I have hitherto seen. It consists of numerous nearly 
equidistant, short, straight separate columns of spicula and keratode, from all parts of 



1110 


DB. J. S. BOWEBBANK ON THE ANATOMY 


the sides of which spring stout, long, curved, fusiformi-attenuato-subspinulate spicula, 
the convex side of each spiculum being outward ; and each column terminates with five 
or six of these spicula disposed in the same manner and at the same angle to the axial 
line of the column, that is*, from about twenty to forty-five degrees. The proportions of 
- the skeleton-columns vary in different species. In M. atrosanguinea they are short, 
stout, and exceedingly well defined. In M. ambigua they are short and indistinctly 
produced, and in M. canma they are long, slender, flexuous, and frequently branched ; 
but however they may vary in their proportions in different species, their normal 
character, both as regards structure and position in the sponge, is always preserved. 
Plate LXXIV. fig. 2, and Part II. Plate XXX. figs. 1 & 2. 

Genus Hymeraphia, Bowerbank. 

Skeleton a single basal membrane, whence spring numerous large separate spicula, 
which pass through the entire thickness of the sarcodous stratum, to or beyond 
the dermal surface of the sponge. 

This genus is nearly allied to Microciona, but is more simple in its structure, as, in 
place of the columns of the skeleton compounded of keratode and spicula cemented 
together and emanating from a common basal membrane as in the latter genus, we find 
single spicula only, devoid of keratode and based on a common membrane, whence they 
pass through the entire substance of the sponge ; and in all the species at present known 
they penetrate the dermal membrane and project beyond its surface to a considerable 
extent, thus combining the two offices of skeleton and external defensive spicula. 
These organs are therefore, as compared with the skeleton-spicula of other members of 
the Spongiadse, and to the entire mass of the sponges to which they belong, of exceed- 
ingly robust proportions, their length being frequently twice that of the entire thick- 
ness of the sponge. 

These peculiarities of structure indicate a common habit of extreme thinness in the 
species; and such is in reality the condition of those with which we are acquainted. 
Part IL Plate XXX. fig. 3. 

Hymedesmia, Bowerbank. 

Skeleton a common J>a$al membrane sustaining a thin stratum of disjoined fasciculi of 
spicula. 

The species on which ‘this genus is founded very closely resembles in habit and general 
appearance those of the genera Microciona and Ilymerapkia , and in regard to the special 
offices of the basal membrane it assimilates with them completely. But it differs 
from them inasmuch as the spicular portions of the skeleton do not emanate immedi- 
ately from the basal membrane, but are recumbent on it in the form of disjoined fasci- 
culi of spicula. But although different from them in this important respect, the close 
alliance with them is indicated by the common habit of the possession by the based 
membrane of the whole, or nearly so, of the defensive spicula of the sponge, indicating 
the common property of extreme thinned of structure which exists in these genera. 
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The free condition of the fasciculi of the skeleton connects this genus in some degree 
with the Halichondroid genera of sponges, but there are none of the species of those 
genera in which the fasciculi of the skeleton aropeparate from each other. The nearest 
allied genus in that direction appears to be Hymeniacidon. Plate LXXIV. fig. 3, and 
Part II. Plate XXXI. fig. 8. 

Suborder II. Spiculo-membranous skeletons. Composed of interstitial membranes 
having the skeleton- spicula irregularly dispersed on their surfaces. 

The prominent character of this Order is, that the spicula of the sponges composing 
it do not assume either the radiate, fasciculate, or reticulate structural arrangement, 
the distribution of the spicula on the interstitial membranes being without any approxi- 
mation to order. 

IIymexiaci don, Bowerbank. 

Skeleton without fibre ; spicula without order, imbedded in irregularly disposed mem- 
branous structure. 

In Hymeniacidon the spicula are subordinate to the membranous structure, they 
follow its course and are imbedded without order on its surface. The contrary is the 
case in Jlalichondria. The network of spicula in that genus, although irregular, is 
decidedly the predominant structure, and the membranous tissues are secondary to it 
add exist only as interstitial organs. The larger and stouter of the spicula in Hymenia- 
cidon. , although dispersed amid the slender ones, may be considered as the representatives 
of the skcleton-spicula, while the slender ones are truly those of the membranes. 

In some species the interstitial tissues are constructed diffusely, as in II. caruncula , 
while in other species, as in II. subereum ( Ilalicliondria suberea , Johnston) and a few other 
closely allied species, they are more than usually compact, so that in the dried state the 
texture of these sponges is very like that of fine hard cork. From this peculiarity of 
their appearance in the dried condition, and the exceeding compactness of their structure, 

I was formerly inclined to believe them to be generic-ally different from the great mass 
of the species of Hymeniacidon, and I accordingly inserted them in the list of British 
sponges, published in the Report of the Dredging Committee in the Reports of the 
British Association for 1 860, under the titles of Ilalina suberea , II. Jicus , &c. ; but a closer 
examination of their internal structure has convinced me that their only real difference 
from the other species of Hymeniacidon is in their greater compactness of skeleton- 
structure, and I have accordingly removed those species to the genus Hymeniacidon. 

In the greater number of the species of this genus the tension spicula are of the 
same form as those of the skeleton, and are only to be distinguished from them by their 
greater degree of tenuity ; but in a few of the known species they are different both in 
size and form. 

The mode of propagation in all the species in which I have found the reproductive 
organs appears to be by internal gemmulation. In H. camosum and several other species 
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of the genus the gemmules are simple, spherical, aspiculous membranous vesicles, filled 
with round or oval vesicular molecules. The genus Halisarca, Dujardin, was supposed by 
both that author and Dr. Johnston to hi entirely destitute of spicula; but I have, since 
the publication of the ‘ History of the British Sponges,’ found them in H. Dujardinii 
in abundance. They are so minute and so completely obscured by the surrounding 
sarcode, that they can rarely be detected in either the living or the dead specimens 
when examined in water ; but if a portion of the sponge be dried on a slip of glass and 
covered with Canada balsam, they may be detected by transmitted light and a power of 
400 linear in considerable numbers, dispersed on the interstitial membranes of the sponge. 
This genus will therefore merge in that of llymeniacidon, with which it agrees in every 
structural peculiarity. Plate LXXIV. fig. 6. 


Suborder III. Spiculo-reticulate skeletons. Skeletons continuously reticulate in struc- 
ture, but not fibrous. 

llalichondria. 

Hyalonema. 

Isodictya. 

Spongilla. 


The sponges of this suborder vary in the different genera to a great extent in the 
mode of the construction of the skeleton, but in all cases the spicula are the dominant 
material; their terminations overlap each other, and they are cemented together by 
keratode. The reticulations thus formed sometimes consist of a single series of spicula, 
at other times they are very numerous and are crowded together in the manner of 
elongated fasciculi. 

The genera llalichondria and Isodictya are exceedingly rich in species ; but the incon- 
venience attending their discrimination, arising from their number, may be remedied to a 
great extent hereafter by subdivisions of each genus, based on the characteristic forms 
of the spicula of their respective skeletons. The structural distinction between Ilalichonr 
dria and Isodictya is so well marked as to render the recognition of each comparatively 
certain and easy. The skeletons of the species of the latter genus, generally speaking, 
arc very much more slight and fragile than those of the former one ; and the same rule 
obtains to a great extent as regards the comparative size of their spicula, and in many 
species of Isodictya they arc very minute. Hyalonema and Spongilla are readily to be 
distinguished by the peculiarities of their structure and localities. 

The genus llalichondria as constituted by Dr. Fleming in his * History of British 
Animals,’ and adopted by Dr. Johnston in his ‘ History of British Sponges,’ contains 
species which differ exceedingly in their mode of organization. Thus, if we take 
H. panicea of J oiinston, which is undoubtedly the “ sponge-like crumb of bread ” of 
Ellis and the older authors, and therefore the proper type of the genus, we find the 
skeleton destitute of fibre, but composed of an irregular network of spicula cemented 
together at their apices by keratode. If we examine the well-known branching sponge 
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so common on all our coasts, Halichondria oculata of the same author, we find an 
abundance of keratose fibre containing spicula deeply imbedded in its substance, but 
not necessarily uniting at their apices ; and the network of the skeleton is not irregular 
as in the first instance, but on the contrary is more or less symmetrically disposed in all 
parts of the sponge. If we take Halichondria suherea of the same authors, we find 
neither network of spicula nor a keratose fibrous structure, but apparently an amorphous 
sarcoid mass containing spicula and membranes, on which the former are dispersed 
without any order or connexion. As we extend our researches among the other British 
species of Fleming’s genus Halichondria , other striking and permanent variations in the 
arrangement of their skeleton-tissues present themselves. Their great differences in 
structure therefore afford ample grounds for the division of the species comprehended 
under Halichondria as constituted by Fleming into a series of genera having each for 
its base a separate type of organization ; and as the variations in structural character, 
some of which are mentioned above, are both numerous and strikingly characteristic, I 
propose to limit the genus Halichondria to those species only which agree in their 
organization with II. panicea of Johnston, and to distribute the remaining species in 
other genera, the distinctive characters being in all cases based primarily on the 
different modes of the organization of the skeleton of the animal, and when necessary 
taking in aid such other organic characters as may be found available for the purpose 
of accurate discrimination. I therefore propose to limit the genus Halichondria to those 
sponges only that exhibit the following characters. 

Halichondria, Fleming. 

Skeleton without fibre, composed of an irregular polyserial network of spicula cemented 
together by keratode. 

Type, Halichondria panicea, Johnston. 

The anatomical structure of the group included under this genus is distinct and 
unmistakeable. There is no fibre whatever, the skeleton being formed of spicula 
collected into bundles of a greater or less number, cemented together by keratode, 
which substance, however, does not extend beyond the space occupied by the respective 
bundles ; and when parts of the reticulated skeleton arc formed of single series of spicula 
only, they are simply cemented together at their points, and the reticulated skeleton thus 
formed has no definite arrangement. Plate LXXIV. fig. 7, and Part II. Plate XXXII. 
figs. 1 & 5. 

Hyalonema, Gray. 

Dr. Gray has characterized this genus in his descriptions of genera of Axiform 
Zoophytes, or Barked Corals, as “ coral subcylindrical, rather attenuated, and immersed 
in a fixed sponge. Axis in the form of numerous elongated, slender, filiform, siliceous 
fibres, extending from end to end of the coral, and slightly twisted together like a rope. 
Bark fleshy, granular, strengthened with short cylindrical spicula. Polypiferous cells 
scattered, rather produced, wart-like, with a flat radiated tip.” (Proceedings of the 
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Zoological Society of London for 1857, page 279.) This description applies only to the 
singular cloacal appendages to the sponge from amidst which it springs, the structure 
of the body of the animal being evidently considered by the author as an extraneous 
mass. The basal sponge is undoubtedly a portion of the animal to which the part 
described by Dr. Gray belongs, the spicula of the elongated cloacal portion being also 
abundant in the basal mass of sponge ; and the basal mass of the specimen described by 
Dr. Gray is identical in its structural character with that of the specimen of Ihjalonema 
mirabilis in the Bristol Museum. It becomes necessary therefore to remodel the generic 
characters so as to embrace the leading distinctive structures of the skeleton of the 
animal; and I propose the following form of description; — 

Skeleton an indefinite network of siliceous spicula, composed of separated elongated 
fasciculi reposing on continuous membranes, having the middle of the sponge 
perforated vertically by an extended spiral fasciculus of single, elongated and very 
large spicula, forming the axial skeleton of a columnar cloacal system. 

The construction of the skeleton of the mass of the sponge is intermediate between 
that of Halichondna panicea and Ilynicniacidon caruncula, the respective types of those 
genera. The network of fasciculated spicula appears never to be definite and continuous 
as in the former, nor are the skeleton-spicula in a dispersed condition on the continuous 
membranes as in the latter, but are gathered into elongated fasciculi which cross each 
other in the same plane in every imaginable direction, but without ever appearing to 
anastomose. The fasciculi vary exceedingly in the number of spicula of which their 
diameter is formed, sometimes consisting of two or three spicula only, and at other times 
of more than it is possible to count. They often divide, the branches passing in different 
directions, but they never reunite or anastomose with other fasciculi. A portion of 
this network of spicula is represented by figure 3, Plate XXXI. Part II. The columnar 
axis of the cloacal system consists of one large spiral fasciculus of spicula, each of which 
extends from the base or very near that part of the sponge, to near or quite to the apex 
of the column, the direction of the spiral being from right to left. 

There is a close approximate alliance to this form of the cloacal appendage of Uyalo • 
nema in the corresponding organs of the British genus Ciocalypta , Bowerbank, MS. 

Isodictya, Bowerbank. 

Sponyia , Montagu. 

Halichondna, Fleming. 

Halichondna, J ohnston. 

Skeleton without fibre; composed of a symmetrical network of spicula; the primary 
lines of the skeleton passing from the base or centre to the surface, and the 
secondary lines disposed at about right angles to the primary ones. Propagation 
by internal, membranaceous, aspiculous gemmules. 

This genus, in the structure and arrangement of its skeleton, is intermediate between 
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Halichondria and Chalina , as defined in the present work. Like the former, the spicula 
of the network composing the skeleton arc merely cemented together, not enclosed 
within a regular horny fibre ; but the disposition of the network is not entirely irregular, 
but like that of the latter genus, more or less composed of a primary scries of lines 
radiating from the axis or base of the sponge, and of secondary series connecting the 
primary ones at about right angles to them — in fac t simulating very closely the arrange- 
ment of the skeleton of Chalina oculata , but without the lceratose fibre surrounding the 
spicula of the skeleton in that sponge. 

In some of the species of this genus the symmetrical arrangement of the lines of the 
skeleton is distinct only near the surface of the sponge, while in the more deeply seated 
parts the irregular character of a Halichondria is simulated. In determining the 
species of this genus, the sponge requires to be carefully examined by sections at right 
angles to the surface, where the distinctive character rarely fails to be readily detected. 
On the contrary, in Halichondria panicca, the type of that genus, I have never succeeded 
in finding such a linear arrangement of the skeleton as marks that of Isodictya. In a 
hasty examination a single linear series of spicula will therefore often prove an excellent 
guide to the discrimination of this genus. 

In most of the species with which I am acquainted there is a generally prevailing 
character of fragility — the primary lines being composed of very few spicula, while the 
secondary ones are most frequently unispicular. Most of the species arc thin-coating or 
encrusting sponges, and rarely appear to rise in tuberous masses, as the numerous 
species of Halichondria are in the habit of doing. 

Isodictya infundibnliformis is perhaps the most perfect type of the genus, as in it we 
have the primary and secondary lines of the skeleton distinctly separated by the differ- 
ence in the form of their spicula. In some species of the genus, as in I. simulo, the 
cementing kcratode of the skeleton is so abundant in some parts as to cause it to simu- 
late very closely the structure of a Chalina ; but the irregularity and compressed form of 
this pseudo-fibre is readily to be distinguished from true keratose fibre by a careful 
observer. In other species, as in I mammeata , the sarcode surrounding the skeleton is 
so abundant as to cause it to simulate a delicate form of Chalina’, but on immersion in 
Canada balsam the fibre-like form disappears, the sarcode contracting into a mere granu- 
lated coating, and the skeleton assumes the normal appearance of Isodictya. Plate 
LXXIV. fig. 8. 

Spongilla, Linnceus, Lamarck, and Johnston. 

Halichondria , Fleming. 

The structural peculiarities of the skeleton of Spongilla are the same as those of 
Isodictya ; and if there had not existed a striking distinctive difference in their repro- 
ductive organs, the two genera must have been united. Under these circumstances I 
propose the following as the characters of the genus Spongilla. 

Skeleton without fibre, composed of a symmetrical network of spicula; the primary 
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lines of the skeleton passing from the base or centre to the surface, and the 
secondary lines disposed at about right angles to the primary ones. Reproductive 
organs ovaries, coriaceous and abundantly spiculous. 

All the species are inhabitants of fresh water. The best type of the genus is Spongilla 
1 luviatUis , Johnston. As an illustration of the form of the skeleton in this genus, see 
the figure of that of Isodictya Normani , Plate LXX1V. fig. 8. 

Suborder IV. Spiculo-fibrous skeletons. Regularly fibrous. Fibres filled with spicula. 

Desmacidon. 

Raphjrus. 

The spiculo-fibrous skeletons differ from the fibro-spicular ones in this respect. In 
the first the form and proportions of the fibre are dependent on the greater or the less 
development of spicula, and the keratode serves only as a cementing and coating material. 
In the latter the keratode is the primary agent in the formation of the fibre, and the 
spicula the secondary or auxiliary agent only. 

Desmacidon, Bowerbank. 

Halickondria, Johnston. 

Skeleton fibrous, irregularly reticulated. Fibres composed entirely of spicula arranged 
in accordance with the axis of the fibre, cemented together and thinly coated with 
keratode. 

The structure of the skeleton-fibre in this genus readily distinguishes it from all 
others. The form and size of the tissue is entirely dependent on the greater or less 
quantity of spicula present, the keratode serving only as a cementing and coating 
material. Ilalichondria cegagropila and II. fruticosa, Johnston, are the only two British 
species of the genus known. Part II. Plate XXVII. fig. 10. 

Raphykus, Bowerbank. 

Skeleton fibrous, but not horny. Fibre composed of a dense mass of siliceous spicula 
mixed together without order. 

The structure of this genus is singular. The fibre in the only species with which I 
am acquainted, liaphyrus Griffith m, is comparatively very coarse, frequently attaining 
the size of a line in diameter near the anastomosing parts, or expanding into a broad 
plate-like form. The spicula composing it are closely thrown together without any 
approach to the longitudinal disposition which prevails in the skeleton of Desmacidon. 
The same absence of definite arrangement obtains in the interstitial membranes, which 
have precisely the mode of structure which characterizes the genus Uymeniacidon, which 
has “ spicula without order, imbedded in irregularly disposed membranous structure.” 
Part II. Plate XXVII. fig. 11. 
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Suborder V. Compound reticulate skeletons, having the primary reticulations fibro- 
spiculate, and the interstices filled with a secondary spiculo-reticulate skeleton. 

Diplodemia. 

This genus forms a connecting structural link between the orders Silicea and Keratosa. 
The structure of the keratose fibre would indicate its place to be in the third suborder 
of the latter ; but the presence of the Ilalichondroid secondary skeleton in such force, in 
conjunction witli the irregular spiculated structure of the keratose fibrous primary 
skeleton, has induced me to place it among the Silicea. For more minute information 
regarding its structural peculiarities, I must refer my readers to the following description 
of the generic characters of Diplodemia. 

Diplodemia, Bowerbank. 

Skeleton fibrous ; fibres keratose, hetero-spiculous ; combined with a secondary skeleton 
of irregular network of spicula ; rete unispiculate, rarely bispiculate. Ovaries mem- 
branous and spiculous. 

The fibres in the skeleton of the only known species in this genus are very remark- 
able. They are smooth and cylindrical, having an axial line of, generally speaking, 
single spicula united at their points, running throughout the whole length of the fibre. 
But when it is of more than ordinary diameter, there are frequently other spicula at 
intervals imbedded in the fibre, parallel to the axial series. Throughout the whole 
length of the fibres, at short intervals, there are similar spicula to the axial ones, 
imbedded at right angles to the axis of the fibre, frequently projecting from the surface 
for half, or more than half, their length. Some of these projecting spicula originate 
small lateral branches of the keratose skeleton ; but by far the greater portion of them 
are the connecting points of the keratose fibres and the reticulo-spiculate secondary 
skeleton, the former being thus completely imbedded amidst the latter. 

The structure of the ovaria in this genus is also peculiar to it. The wall is very thin, 
and appears to consist of a single membrane profusely furnished with spicula which 
cross each other in every direction, and occasionally appear to assume a somewhat 
fasciculated arrangement. They are not uniform in shape, some being regularly oval, 
while others are more or less ovoid. 

But one species of this singular genus is known, D. vesicula , Bowerbank, MS., from 
deep water at Shetland. Plate LXXII1. fig. 8, and Part II. Plate XXXIV. fig. 1. 

Suborder VI. Solid siliceo-fibrous skeletons. Skeletons reticulate. Fibres composed 
of concentric layers of solid silex, without a central canal. Reticulations unsym- 
metrical. 

Dactylocalyx , Stutchbury ( Iphiteon , French Museum). 

The structure and mode of growth in this suborder of siliceo-fibrous sponges appear 
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to be precisely the same as that of the kerato-fibrou3 sponges of the first suborder of 
Order II I. Keratosa. 

Dadglocahjx pumicea , Stutchbury, was described in the 'Proceedings of the Zoolo- 
gical Society, part ix. 1841, p. 8G, October 20, 1841. The author describes it thus: 
“Sponge fixed, siliceous; incurrent canals uniform in size; excurrent canals large, 
forming deep sinuosities on the outer surface, radiating from the root to the outer 
circumference.” 

The sponge was received by the Bristol Museum from Dr. Cutting of Barbadoes. 

The genus Dadglocahjx was established by Mr. Stutcjibury to designate this fine 
siliceo-fibrous sponge. Half of the type specimen is in the Museum at Bristol, and 
the remaining portion in the possession of Dr. J. E. Gray of the British Museum. 
Although the sponge was designated Dad glocalyx pumicea, no generic char acters were 
given. I propose therefore to characterize it as follows: — 

Dactylocalyx. 

Skeleton siliceo-fibrous. Fibres solid, cylindrical. Reticulations unsymmetrical. Part II. 
Plate XXXIV. fig. 17. 


Suborder VII. Canaliculated siliceo-fibrous skeletons. Skeletons reticulate, symmetrical. 

Fibres composed of concentric layers of solid silex, with a continuous central canal. 

Type, Farrca occa , Bowerbank, MS. 

I have seen in the organic remains from deep-sea soundings several varieties of frag- 
ments of siliceous fibres with simple central canals, having every appearance of being 
from unknown species of siliceo-fibrous sponges ; but the only satisfactory specimen of 
this genus of sponges is the one at the base of Dr. Arthur Farre’s specimen of Euplcc - 
tel la cucumer, Owen, described in the Transactions of the Linnean Society of London, 
vol. xxii. p. 117, plate 21. 

The fibres in Farrca occa arc rather coarse, abundantly tuberculatcd, and the mode 
of reticulation is rectangular. Their construction is exactly like those of Verongia , the 
type of the fourth suborder of the third order, Keratosa. Part II. Plate XXVII. fig. 11. 


Order III. KERATOSA. 

Suborder I. Solid non-spiculatc kcrato-fibrous skeletons. 

The greater number of the sponges of commerce belong to this suborder. How many 
species are comprised under the designation of “ the sponges of commerce ” it is very 
difficult to decide, as we rarely obtain them in their natural condition ; but it is certain, 
from their well-washed skeletons, that their number is considerable, and that at least 
two distinct genera occur among them. If we assume that the well-known cup-shaped 
sponge, usually sold as the best Turkey sponge, is the one entitled to the designation of 
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Spongia officinalis , we shall then have the type of the first • suborder of the order 
Keratosa, distinguished by the above characters. There are two genera belonging to 
this suborder; the first of these is Spongia , Linnaeus. Its character is as follows: — 

Spongia, Linneus. 

Skeleton kerato-fibrous. Fibres solid, cylindrical, aspiculous. Rete unsymmetrical. 

Type, Spongia officinalis, Linnaeus. 

The number of species of Spongia appear to be very considerable ; and in all of them 
the irregular meandering character of the skeleton-fibre readily serves to distinguish 
them. Plate LXX1V. fig. 9, and Part II. Plate XXVII. fig. 7. 

The second genus is founded on the specimen described by Sowerby in the ‘ British 
Miscellany,’ p. 87, plate 48, and named by him Spongia pulcliella. I fortunately have 
this specimen ; and on carefully examining it I find it to possess all the characters of the 
genus Spongia, excepting that the reticulations of the skeleton are very symmetrical; 
and this is so important a structural difference that I have thought it advisable to 
constitute it the type of a new genus, the characters of which are as follows : — 

Spongionella, Bowerbank. 

Spongia , Sowerby and Johnston. 

Skeleton kerato-fibrous. Fibres solid, cylindrical, aspiculous. Rete symmetrical ; primary 
fibres radiating from the base to the apex. Secondary fibres disposed at nearly 
right angles to the primary ones. Plate LXXIV. fig. 10. 

Type, Spongia pulcliella, Sowerby. 


Suborder II. Solid, seraispiculate, kerato-fibrous skeletons* 

The sponges of this suborder closely resemble in general appearance those of the 
genus Spongia , but they differ very considerably in the structural characters of their 
skeletons, which consist of a somewhat irregular radiation of primary fibres from the 
base towards the apex of the sponge, with an unsymmetrical series of secondary fibres 
emanating from and connecting together the series of primary ones. 

The primary fibres are compressed and broad in their form, frequently three or four 
times the width of the diameter of the surrounding cylindrical secondary ones. But 
their most striking character is their possessing a considerable number of siliceous 
spicula, which are irregularly imbedded in their centres ; sometimes the series of spicula 
within the fibre consists of but one or two beside each other, and at other times they 
are numerous and very irregularly disposed. This central series of spicula appears to 
exist only in the primary fibres ; and I have never been able to detect the slightest indi- 
mdccclxh. 7 N 
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cation of their presence in any of the secondary series. I first described these structural 
peculiarities in a paper read before the Microscopical Society of London, January 27, 
1841 ; and it is published in vol. i. p. 32, plate 3, of their ‘ Transactions.’ 

I have met with numerous instances of the occurrence of this structural arrangement 
of the skeleton in sponges from Australia and the Mediterranean ; but their well-washed 
condition has left them with but very few capabilities for specific distinction. 

I propose to adopt De Blainville’s name Halispongia to designate this genus, the 
characters of which are as follows : — 

Halispongia, De Blainville. 

Skeleton kerato-fibrous. Fibres solid ; primary fibres compressed, containing an irre- 
gularly disposed series of spicula. Secondary series of fibres unsymmetrical, cylin- 
drical, without spicula. Plate LXXIV. fig. 11. 

Suborder III. Solid, entirely spiculate, kerato-fibrous skeletons. 

Chalina, Grant. 

Skeleton fibrous. Fibres keratose, solid, cylindrical, and interspiculate. Eete symme- 
trical; primary lines radiating from the basal or axial parts of the sponge to the 
distal portions. Secondary lines of fibre at about right angles to the primary ones. 

The type of this genus, Ualichondria ociclata, Johnston, differs so materially in the 
structure of its skeleton from that of the type of Ualichondria , II. panicea , Johnston, 
that it becomes necessary that a distinct genus should be established to receive it and 
other closely allied British species. The skeleton consists of a solid cylindrical keratose 
fibre, enclosing a single or compound series of spicula, imbedded at or near its centre, 
.and disposed in lines parallel to its axis, thus forming a structural group intermediate 
between that of Ualichondria panicea and Spongia officinalis. 

In the sponges of this genus the spicula are decidedly subservient to the fibre, which 
is always cylindrical, and generally Very uniform in its diameter throughout the whole 
of a section made at right angles to its surface; while in the nearly allied genus, 
Isodictya , the reverse is the case, the spicula being the essential basis of the skeleton, 
while the surrounding keratode, although often abundant, is still only the subservient 
cementing medium of the skeleton, and never assumes the decidedly cylindrical form of 
that of the fibre of Chalina. 

In the Edinburgh Encyclopaedia, vol. xviii. p. 844, Dr. Gbant proposed the name 
Halina to represent those species which were designated Ualichondria by Dr. Fleming, 
and subsequently by Dr. Johnston in his ‘History of British Sponges;’ but as I have 
already proposed to restrict the term Ualichondria to those species which agree in struc- 
ture with the original type of that genus (U. panicea, Johnston), it becomes necessary to 
select other names to represent the sponges which differ essentially in their structure 
from that type, and I therefore propose to adopt Dr. Gbant’s genua Chalina, designated 
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in his ‘Tabular View of the Animal Kingdom,’ published in 1861, to represent that por- 
tion of them which agree in structure with the well-known species described in the 
‘ History of the British Sponges’ as Halichondria oculata. Part II. Plate XXVII. fig. 8. 

Suborder IV. Simple fistulo-kerato-fibrous skeletons. 

The type of this suborder is Lamarck’s Spongia Jistulosa. The anatomical structure 
and the general habits of the sponges of this description are so widely different from the 
true Spongias, that I was induced to establish them as a separate genus, and I accord- 
ingly designated and described them as such in the Annals and Magazine of Natural 
History for December 1845, vol. xvi. p. 400, plate 13. fig. 7. It is unnecessary to enter 
here into a detailed account of these tissues, as I have described the peculiarities of the 
structure of the simple fistulo-keratose fibrous skeletons at length in the second part of 
this paper at p. 765, and figured the tissue in Plate XXVII. fig. 12. 

The genus may be characterized as follows : — 

Verongia, Bowerbank. 

Spongia , Lamarck. 

Skeleton kerato-fibrous. Fibres cylindrical, continuously fistulose, aspiculous. Rete 
unsymmetrical. 

Suborder V. Compound fistulo-fibrous skeletons. 

This suborder is founded on the peculiarities in the structure of the skeleton-fibre of 
a sponge described by me in the Annals and Magazine of Natural History for December 
1845, vol. xvi. p. 405, plate 13. figs. 1 & 2, and also in the second part of this paper, 
p. 756, and figured in Plate XXVII. figs. 13 & 14. 

The genus AulisJcia is the only one in which compound fistulo-keratose fibres have 
been found, and it may be thus characterized : — 

Auliskla, Bowerbank. 

Skeleton kerato-fibrous. Fibres aspiculous, cylindrical, continuously fistulose ; primary 
fistulse having minute ceecoid canals radiating from them in every direction. Rete 
unsymmetrical. 

Suborder VI. Regular semi-areno-fibrous skeletons. 

The sponges of this suborder have the faculty of appropriating extraneous matter, 
such as grains of sand, or the spicula of other sponges, which become imbedded in the 
centre of the cylindrical fibres of their skeletons. The fibres in these cases are regular 
and cylindrical, and the space between their surfaces and the central line of extraneous 
matter is frequently one-fourth or one-third of their own diameter. The central axis of 
extraneous matter usually consists of a series of single grains, but occasionally we find 

7 n 2 



1122 


DR. J. S. BOWERBANK ON THE ANATOMY 


two or three compressed together. In some genera belonging to this suborder the arenas 
tion of the fibres is confined to the primary or radial ones, and the fibres of the secon- 
dary system are destitute of extraneous matters. In other genera they occur occa- 
sionally in the secondary system as well as in the primary one. In Stematumenia the 
primary fibres are frequently somewhat compressed, and are abundantly arenated. The 
smaller or secondary series of fibres are usually cylindrical, and most frequently without 
either grains of sand or spicula. Several of the common Bahama sponges of commerce 
belong to this suborder ; but the best type is the genus Stematumenia , described by me 
in the Annals and Magazine of Natural History for December 1845, vol. xvi. p. 406, 
plate 14. figs. 1 & 2. The genus may be characterized as follows: — 

Stematumenia, Bowerbank. 

Skeleton. Primary fibres solid, more or less compressed, containing a central axial line 
of spicula and grains of extraneous matters. Interstitial structures abundantly fibro- 
membranous. Part II. Plate XXVII. figs. 3 & 5, and Plate XXVIII. figs. 1 & 2. 

Suborder VII. Irregular and entirely areno-fibrous skeletons. 

Types, Dysidea fragilis, Johnston. 

Dysidea KirJcii , Bowerbank. 

The peculiarity of this suborder is, that the fibre of the skeleton is a full and complete 
but elongate aggregation of particles of sand, each separately coated by keratode, form- 
ing a series of stout anastomosing fibres, consisting of innumerable extraneous molecules 
encased by a thin coat of keratode. 

In Dysidea KirJcii, an Australian species, both the primary and secondary fibres of the 
skeleton are comparatively large, frequently exceeding half a line in diameter. In our 
British species, Dysidea fragilis, J ohnston, the primary fibres are often as abundantly 
arenated as those of the Australian species, while the secondary ones are only partially 
filled with extraneous matter, and in this condition they are frequently more or less 
tubular. Part II. Plate XXVIII. figs. 3, 4 & 5, 

The structure and peculiarities of the above-named two species are described in detail 
in vol. i. p. 63, plate 6 of the Transactions of the Microscopical Society of London. 

On the Discrimination of the Species of the Spongiadae. 

One of the reasons why so little progress has been made in our knowledge of the 
Spongiadee is, that the generic and specific characters that are visible to the unassisted 
eye, such as form and colour, are in this class of animals remarkably uncertain and 
delusive, while all those that are definite and constant require not only a high degree 
of microscopical power to make them visible, but frequently also a peculiar mode of 
treatment to render them apparent even beneath the microscope. Thus it is with many 
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of the finer forms of stellate spicula, which are very characteristic in Tethea , Oeodia, 
Spongilla, and other genera. When we search for them by the dissolution of the 
tissues in nitric acid, they are so minute that by far the greater part of them, even with 
the most careful treatment, are washed away ; and when the tissues in which they are 
imbedded are examined in water, they are totally invisible in the sarcode in which they 
are immersed ; and it is only when small portions of such tissues are moun^d in Canada 
balsam that they become distinctly visible in situ. The correct classification therefore, 
as well as the anatomy and physiology, is really a microscopical science ; and it is only 
since we have possessed instruments of high defining and penetrating powers, that we 
have been properly prepared for the investigation of the structures and the correct 
determination of the generic and specific characters of these interesting and curiously 
constructed animals. A careful and patient examination of their component parts is 
therefore absolutely necessary for the determination of species ; and the whole of the 
structures present should be noted and their peculiarities accurately described. 

In the first place we will consider what are the parts of the organization of the 
Spongiadac that may be used for the purposes of specific distinction ; and. secondly, 
endeavour to form an estimate of their relative values. 

The parts of the sponge to. be thus employed are as follows: — 1. The Spicula. 2. The 
Oscula. 3. The Pores. 4. The Dermal Membrane. 5. The Skeleton. 6. The Inter- 
stitial Membranes. 7. The Intermarginal Cavities. 8. The Interstitial Canals and 
Cavities. 9. The Cloacal Cavities. 10. The Sarcode. 11. The Ovaria and Gemmules. 

1. The Spicula. 

The spicula in the descriptions of the Spongiadae are of about the same relative value 
that the leaves of plants are in botanical descriptions. I have shown in the first part 
of this paper, published in the Philosophical Transactions for 1858, that they are 
exceedingly various in form in the different species ; and even when of the same shape 
in two different sponges, as represented in fig. 9 a & b, Plate XXIII. Phil. Trans. 1858, 
their relative proportions are frequently so distinctly different as to render them almost 
as valuable as if they varied from each other in form. Wherever therefore spicula form 
a component part of the skeleton, they become a leading character in the discrimina- 
tion of species. But it is not only those of the skeleton that are thus available, as in 
different sponges they vary in shapq and size in each separate organ belonging to the 
animal ; and in some cases we find as many as five or six distinct descriptions of spicula, 
each of which affords an invariable and excellent character. Thus, in the descriptions 
of sponges, it is not only the forms and relative proportions of the skeleton-spicula 
which have to be taken into consideration, but those also of the dermal and interstitial 
membranes (the external and internal defensive ones), those of the sarcode, and of the 
ovaries and gemmules. Those of the latter three organs named frequently afford the 
most determinative characters. Thus in the genus Spongilla but one form of spiculum,' 
the acerate, prevails in the skeletons of all the known species; but the minute and 
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beautiful spicula of the ovaria vary in form and size, in passing from one species to 
another, in a perfectly unmistakeable manner, so that, if the organs of reproduction be 
present, which is most frequently the case, the species may be readily recognized from 
their spicula only. But in other cases, and even in the same genus in the absence of the 
ovaria, the differences between two nearly allied species are equally well determined by 
the spicula ^f the dermal and interstitial membranes. Thus, in our two species of 
British Spmgilla, S.fluviatiUs has no tension spicula different from those of the skeleton, 
while in S. laciistris we find the fusiformi-acerate entirely-spined spiculum, represented 
in fig. 21, Plate XXIV. Phil. Trans. 1868, in abundance. So likewise in two species 
of Tethea , T. cranium from Shetland, and T. simillima , Bowerbank, MS., from the 
Antarctic regions, the only well-determined difference that exists is, that the sarcode of 
the former is profusely furnished with exceedingly minute sigmoid spicula, while that 
of the latter is entirely destitute of them. It will therefore be seen that these exceed- 
ingly minute organs frequently afford the most valuable and certain means of discrimi- 
nating species. But although so minute, we must not imagine that it is very difficult 
to obtain these characteristic evidences ; for, as I shall show more at length hereafter, it 
requires but the dissolution of a small piece of the sponge in hot nitric acid to at once 
furnish us with a general view of the whole of the spicular contents of the sponge under 
examination; so that, to one who has become familiarized with the general character- 
istics of the forms and sizes of the different classes of spicula peculiar to each organ of 
the sponge, such a preliminary observation at once indicates the nature and especial 
scat of the principal specific characters of the subject under examination. 

In some sponges the relative variation in size of the adult skeleton-spicula is greater 
than in others; but this variation, although sometimes a substantial character, must 
not be always assumed to be correct, as in young sponges with simple forms of skele- 
ton it is very difficult to discriminate between the young and only partially developed 
spicula and the adult ones. Thus in a young specimen of Spongilla jluviatilis, I found 
in the same field of view one spiculum perfectly well proportioned which measured 
■j-^th of an* inch in length and Tjjlhnjth an * nc ^ diameter, another an 

inch in length and y^-yjth of an inch in diameter, — the length and diameter of an 
average-sized spiculum of the species in a fully developed condition being, length -y^th 
of an inch, and diameter 2 <^oth of an inch. 

Abnormal or immature forms must not be mistaken for fully developed and normal 
ones, as we find in some of the more complicated forms of spicula that the development 
of form is quite as progressive as that of size, as instanced in figs. 4, 6, 6 & 7, Plate 

XXIV. Phil. Trans. 1858, which represent the progressive stages of development of 
the spinulo-recurvo-quaternate form of spiculum, and also in figs. 4, 6, 6, 7 & 8, Plate 

XXV. Phil. Trans. 1858 — where the first four figures represent the progressive deve- 
lopment of the dentato-palmate inequianchorate spiculum, and the last an abnormal 
form, probably arising from arrested development. 
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2. The Oscula. 

The oscula frequently afford good specific characters. Their peculiarities are, first, 
those of position ; and secondly, those of form. Thus it should always be noted whether 
they are dispersed or congregated, whether disposed on the exterior surface or on the 
parietes of internal cloacse. In form they are either simple orifices, or they assume a 
tubular shape to a greater or a less degree, and sometimes they are bounded by a 
slightly elevated marginal ring. All these characters are subject to a considerable 
amount of variation, which is sometimes dependent on peculiarities of locality, and at 
others on age or the amount of their development ; but a comparison of several speci- 
mens of the same species will generally lead the observer to a correct conclusion regard- 
ing their normal characters. , 

In some species these organs are always more or less open; in others, especially 
littoral ones, they are entirely closed during exposure to the atmosphere, or while in a 
state of repose, during which condition they are frequently completely inconspicuous. 

3. The Pores. 

The pores afford but very few available characters. They are either dispersed or con- 
gregated, very rarely in the latter state. They are also either conspicuous or incon- 
spicuous : that is, in the former condition their presence, and the areas within which 
the groups of them are situated, may be readily detected by the aid of a hand-lens ; 
in the latter case they are perfectly undistinguishable without high microscopic power. 

4. The Dermal Membrane. 

The dermal membrane affords many important specific characters. In the greater 
number of the Spongiadse it is a simple pellucid membrane, which invests the whole of 
the mass of the sponge ; but in other cases it is of much more complex structure, some- 
times furnished abundantly with primitive fibrous tissue, or a network of spicula or 
kerato-fibrous tissue for its especial support ; and in the areas of such network there 
are frequently tension spicula differing in construction from those of the skeleton, and 
its interior surface is often supplied with anchorate retentive spicula of various forms. 
In its sarcodous lining there are occasionally an infinite number of stellate or sphero- 
stellate spicula to protect it from the ravages of minute enemies, and its surface is also 
often penetrated by large or small defensive spicula. Occasionally its external surface 
is profusely supplied with elongo-stellate defensive spicula. It has also frequently a 
thick stratum of cellular structure of various colours. 

These peculiarities of structure have no generic value. They are essentially specific 
differences ; and it is rarely the case that any two species, even in an extensive genus, 
are fo un d to agree in the possession of the'number, form, or mode of disposition of these 
peculiarities of the dermal tissues. They form therefore a constant and highly valuable 
series of characters, and claim the especial attention of the student in either the recog- 
nition or description of an unknown species. 
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6 . The Skeleton. 

Although the material, mode of structure, and arrangement of the skeleton is more 
especially devoted to the formation of the orders and suborders, it still presents us with 
a sufficient number of minor peculiarities to render it a source of valuable specific cha- 
racters. Thus, as I have already shown, in treating of the relative value of the spicula 
for the distinction of species, the difference in their size affords a good character. The 
closer or more diffuse mode of their arrangement modifies to a great extent the form 
and size of the areas in spiculo-reticulated skeletons, and their habitually greater or 
less number in the thread of the reticulations produces a distinctly different aspect in 
the skeletons of two otherwise closely allied species. The presence or absence of defen- 
sive spicula, the mode of armature, and the. forms of the defensive and other auxiliary 
spicula also afford a very extensive and valuable series of specific characters. In the 
kerato- and siliceo-fibrous sponges there are peculiarities of a similar description, such 
as the presence of a reticulo-fibrous sheath, as represented in figs. 9 & 10, Plate XXVIII. 
Part II., or the possession of spines or tubercles of various forms, as represented in the 
same Plate, figs. 7 & 8, or of extraordinary modifications for prehension, as in the 
cidarate siliceo-fibrous skeleton, represented also in the same Plate, fig. 12. These and 
other similar structural peculiarities afford a series of characters which are usually of a 
permanent and very striking description. 

6. The Interstitial Membranes. 

The peculiarities of the interstitial membranes consist principally in the shape and 
proportions of their tension spicula, or of the forms and varieties of structure, and mode 
of disposition, of the retentive spicula. The latter class of organs especially present a 
very extensive series of striking characters that are essentially specific. In the genera 
J fali chon dria, Isodictya , Hymen iacid on , and others containing numerous species, often 
very closely resembling each other in all the principal structural characters, they fre- 
quently, from the strongly marked peculiarities in their form and proportions, present 
most valuable and decisive specific characters. Plate XXVII. figs. 1, 2, 3 & 5. 

In Alcyoncellum and other genera the interstitial membranes are strengthened and 
supported by layers of primitive fibrous tissue, arranged in parallel lines ; and in Stemar 
tumcnia the same fibres abound, but they are riot disposed in the same symmetrical 
manner, and in some sponges cellular structures are present in considerable quantities. 
These tissues are all more or less valuable as aids in specific distinction. 

7. The Intermarginal Cavities. 

The intermarginal cavities in the greater portion of the Spongiadte are so indefinite in 
their form as to render but little service in the distinction of species ; but in Oeodia , 
Pachymatisma y and a few other genera their structure is very much more regular, and 
their form, proportions, and mode of disposition afford good characters. But although 
of no extensive essential value themselves, their subsidiary temate spicula present a 
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great number of strongly marked specific distinctions, arising not only from their varie- 
ties of form and proportion, but also from their relative positions in the dermal crusts 
of those genera where they most abound ; and their modes of disposition and connexion 
with each other are also very characteristic. 

8. The Interstitial Canals and Cavities. 

These organs themselves present very few characters that are of much service in spe- 
cific descriptions, but their subsidiary spicula are often very suggestive of the nature 
and character of the species. Of this description, are the recurvo-ternate spicula in the 
interstitial cavities immediately beneath the dermal crust of some species of Geodia, 
and just without the dermal membrane of Tethea cranium ; the remarkable groups of 
recurvo-quatemate spicula, represented by fig. 10, Plate XXX., Part II. ; the trenchant 
bihamate spicula of Hymedesmia Johnsoni , figs. 1 & 2, Plate XXXI. ; and many other 
instances of offensive or defensive spicula, either disposed in groups or singly, in these 
canals or cavities. 

9. The Cloacal Cavities. 

The cloacal cavities are especially valuable and characteristic in the calcareous 
sponges. Their position, number, extent, and form — the number and position of their 
excurrent orifices — the mode in which those orifices are armed and the nature of that 
armature, or the entire absence of such defences — the internal defensive spicula, their 
varieties of form, and mode of arrangement, — all these characters are highly effective 
and valuable as specific descriptions. In other genera of sponges the cloacae afford 
striking and very effective distinctions, especially in Alcyoncellum, Polymastia , Halyphy- 
sema , and Hyalonema. Among the Keratosa also they avail to a considerable extent ; 
but the latter order does not afford us the same wide range of striking characters that 
exist so abundantly in the cloacae of the order Calcarea. 

10. The Sarcode. 

The universal presence and similarity in structure of the sarcode of the Spongiadse 
renders the range of its use as a specific character very limited; but the spicula im- 
bedded in its substance so abundantly in many species are so various in form, and so 
strikingly distinct from each other, as to afford a most valuable series of discriminative 
characters. 

The greater portion of these spicula are more or less stellate in form. They vary in 
shape to a considerable extent in each group, in consequence of incomplete or com- 
plete development, and the number of the radii in the stellate forms is in many cases 
very uncertain ; but although this amount of variation exists in each of the separate 
forms, there is always a limit to these differences, and a normal character present which 
renders it by no means difficult to decide to which class they belong. Independently of 
the peculiar characters of their own form and modes of radiation, their radii are fre- 
mdccclxii. 7 o 
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quently peculiarly and abundantly spinous, and these secondary organs are equally as 
constant and determinative of specific character as the primary radii. The characters 
derived from the spines are frequently very minute, and require the application of a 
high microscopic power to render them available ; but they are in many cases so 
decisively valuable, that they should never be neglected when present. In truth, the 
modes of spination of these and all other forms of spicula are of considerable value as 
specific characters, and the shape and direction of the spines are often indicative of the 
character and purpose of the spiculum on which they are based. 

The range of the stellate spicula is very considerable. They are found abundantly 
and constantly in Geodia , Pachymatisma , Tethea, Dactylocalyx , and Alcyoncellum , and in 
some species of Spongilla , Dictyocylindrus , and other genera. 

11. The Ovaria and Gemmules. 

Where the ovaria exist they afford excellent descriptive characters. Their construc- 
tion is the same throughout the whole of the known species of Geodia and Pachyma- 
tisma. The varieties in their form, although not always easy of description, are yet 
readily distinguishable by a practised eye ; and the difference in the degree of stoutness 
of the radiating spicula of which they are constructed, and the consequent fineness or 
coarseness of the reticulations on their surface, very often afford good discriminative 
characters. 

In Sponyilla, the varieties in their shape, and the strikingly distinct forms of their 
component spicula, render them exceedingly efficient for specific descriptions ; and 
without them it would in several instances, among the exotic species, be very difficult 
to find descriptive characters to separate one species from another. 

Excepting in IHplodemia, where the structural peculiarities of the ovarium are 
widely different from the preceding instances, we know very little more of these 
organs; but there is good reason to believe, from certain forms of spicula detected in 
the deep-sea soundings, the sources of which are at present unknown, that other marine 
sponges possess ovaria with which we are at present unacquainted. 

The gemmules afford very efficient specific characters in some species of Tethea ; but 
in the greater number of Ilalichondroid genera, although frequently present in abun- 
dance, they agree so closely in structure with each other as to render them of very little 
use as specific characters. 

We thus find that wc possess eleven distinct varieties of organic specific characters, 
many of which are exceedingly prolific in materials for descriptive; purposes. A long 
familiarity with them has assured me of their value, and of their constancy in each spe- 
cies. However protean the form and colour may be, the organic structures can always 
be recognized with certainty, provided the specimen under examination has been dried 
in the condition in which it has been taken from the sea. To the organic characters 
may be added the less definite and valuable ones of form and mode of growth, which, 
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although less to be depended on than the organic ones, are frequently of service in con- 
junction with them, as leading and suggestive in the first stage of investigation. 

A dependence on the specific characters to be derived from form alone inevitably 
leads to erroneous conclusions. Thus, from trusting too implicitly to it in the descrip- 
tions of his species, Dr. Johnston, in his ‘History of British Sponges,’ has made two 
species out of one in the case of Hgsideafragilis, the thin-coating form of this sponge 
being also described as Halichondria areolata. Halichondria incrust am has also been 
described a second time as II. saburrata. An elongated form of Halichondria Jicus 
has also been again described as II. virgultosa. The type specimen of Halichondria 
sevosa , Johnston, in the British Museum proves to be merely a thin-coating variety of 
Halichondria panicea ; and the type specimen of Montagu’s Spongia digitata in the 
possession of Professor Grant, Halichondria cervicomis , Johnston, on being microsco- 
pically examined, proved not to be a sponge, but an alga. Numerous other instances of 
error arising from a dependence on form alone as a specific character might be cited ; 
but those I have given above are sufficient to prove the ineligibility of so mutable a 
character unaccompanied by organic structure. 

Nearly the whole of this extensive series of specific characters have hitherto not been 
applied in the descriptions of the Spongiadse, excepting in my own manuscripts. This 
omission has occurred, not from any doubt of their value, but simply because they were 
unknown to naturalists. It now remains to be proved how they may be rendered 
available in future descriptions of those animals. I cannot, perhaps, better attain 
this end than by detailing the order and mode of employing them in the description 
of species contained in my own Manuscript History of the British Sponges. The 
following is the order in which these characters have been taken for examination and 
description : — 

1. Form. 2. Mode of Growth. 3. Surface. 4. Oscula. 5. Pores. 6. Dermis, and 
Dermal Membrane and its Spicula. 7. Skeleton and its Spicula. 8. Connecting Spi- 
cula. 9. Defensive Spicula — external, internal. 10. Spicula of the Membranes — 
tension spicula, retentive spicula. 11. Sarcode and its Spicula. 12. Ovaria and Gem- 
mules, and their Spicula. 

Colour. 

Habitat. 

Condition when examined. 

This order of description, or any other that the student may prefer, should always be 
adhered to, , and no part of the specimen under examination that is present, and which 
affords specific characters, should be omitted in the description ; so that, when no men- 
tion is made of particular organs or classes of spicula, it may be presumed that they are 
not present in the sponge in course of description. A certain portion of these charac- 
ters are always available. Thus the skeleton, incurrent canals or cells, the sarcodous 
system, the dermal and interstitial membranes, the pores, and the oscula are always 
present, while the excurrent canals or the cloaca are occasionally absent. The inter- 
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marginal cavities, if present, are not always distinguishable; and the external and 
internal defensive organs are, either one or both of them, frequently absent. 

Specific characters should always be of a positive nature, such as the presence and 
form of particular spicula or other organs. It is a great mistake in writing specific 
descriptions, to make the differences between species to consist of one or two striking 
essential characters only. Such a practice may answer tolerably well when there are 
but two or three species of a genus known ; but it frequently occurs when new species 
are found, that they also have the most striking essential characters of the previously 
known ones equally strongly developed. Much confusion is thus likely to occur from 
this paucity of description ; whereas, if the whole of the essential characters of each 
species be carefully investigated and accurately recorded when it is first characterized, 
that description will most probably suffice permanently to distinguish it as a species, 
however numerous the subsequently discovered members of the genus may be. 

Differential characters should never be intermingled with essential ones in character- 
izing the species. They should be reserved for the amplified history ; and here they are 
of much value, as they lead to the relative consideration of two or more nearly allied 
species, and frequently assist the student in their discrimination when the essential 
characters are minute or somewhat obscure. 

In the description of species the adjectives long, short, stout, slender, &c., must 
always be understood as in comparison with the congenerous organs of the species under 
consideration, and not as in relation to any fixed standard of size. 

In the description of a new species it should always be stated whether the characters 
are given from a dried specimen, or whether from one fresh from the sea, as it frequently 
happens that many of the natural characters become completely obliterated and some- 
times reversed by drying ; thus the surface smooth in the live state become villous when 
dried ; inconspicuous oscula become conspicuous when contracted and dry, and conspi- 
cuous oscula are often destroyed by desiccation ; and so on with other characters. It is 
therefore absolutely necessary that the condition of the specimen should be stated along 
with its description. 

On the Preservation and Examination of the Spongiadce. 

The greater portion of specimens in natural history may be readily examined and 
their species determined in the field ; but this is rarely the case with the Spongiadee. 
It becomes necessary therefore to preserve them in such a manner as to effectually 
retain their natural characters for examination at some future period. Small specimens 
may be preserved in spirit of wine ; but this destroys their colour. If they are not likely 
to be permanently lodged in the cabinet immediately, it is better that they should be 
laid on blotting-paper, or a soft cloth, to absorb as much as possible of the water from 
within them, and then dry them rapidly before a fire, or in a slack oven, without any 
previous washing in fresh water. By this mode they retain a sufficient amount of 
moisture and flexibility to allow of their being handled and operated on for examination 
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with impunity ; but the amount of salt thus left within them will in time cause con- 
siderable mischief to the specimen. After such specimens have been once thoroughly 
dried and their examination has been completed, they may be plunged into cold water 
for a few minutes, and the water then ejected by a rapid centrifugal motion of the arm, 
and this operation repeated two or three times ; the specimen should be again rapidly 
dried, and it will then keep well in the cabinet and preserve all its characteristic features. 
It is a bad habit to soak marine specimens for a considerable time in fresh water to 
extract the salt, as by this mode of proceeding the minute and delicate characters of the 
object are to a great extent destroyed. 

The most advisable mode of proceeding, in the examination of an unknown species, is, 
first to note the general peculiarities of form and surface as presented to the unassisted 
eye. After the noting of the external character, the next step should be to cut a slice 
out of the sponge, to about half an inch or more in depth, at right angles to the surface, 
taking special care that a due proportion of the dermal membrane is included ; this 
should be placed in a long narrow test-tube, in about an inch deep of nitric acid, in which 
it should be gently and cautiously boiled over a very small flame until the sponge is 
entirely dissolved, and then set by until the acid is quite cold and the spicula have sub- 
sided to the bottom of the test-tube, so that the greater portion of the acid may be 
decanted off and its place be supplied with distilled water ; and this operation should be 
repeated three or four times with much care. The spicula thus prepared should be 
placed in a watch-glass with a little distilled water, and the whole stirred up so that an 
average sample can be obtained for microscopical examination. By this mode of pro- 
cedure a general view of the whole of the spicula belonging to the species will be 
obtained, which will serve as a guide to the subsequent modes of examination. 

The boiling in nitric acid should not be continued beyond the time of the piece of 
sponge falling completely separated to the bottom. If stopped at this period by the 
addition of a little distilled water, it frequently occurs that undissolved gemmules and 
portions of the membranes are found, that are very suggestive for the further examine 
tions of the specimen. • 

The next step should be to take a thin slice from the surface of the sponge, and 
place it in a cell in a little distilled water, for the purpose of the examination of the 
structural peculiarities of the dermal membrane. Then take a thin slice from the body 
of the sponge at right angles to its surface, and mount it in a similar manner for the 
purpose of ascertaining the nature and peculiarities of its skeleton and other internal 
organs. These two sections should be carefully examined with the microscope ; and if 
they be not sufficiently characteristic, fresh ones should be mounted. If the specimens 
thus treated be taken from sponges properly preserved, their tissues will expand and 
assume very much the appearance of those of the living sponge, and' they will as nearly 
as possible exhibit the natural positions and proportions of the internal organs. 

The general characters of these sections should be observed with a half-inch or two- 
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thirds combination, and again with not less than a quarter-inch object-glass, and the 
characters of the various tissues in their natural condition be immediately noted. But 
the whole of their minute organs will not be visible by this mode of examination ; and it 
is therefore necessary to mount the same or similar sections in Canada balsam, by which 
means the spicula of the sarcode and other minute organs will become completely visible 
in situ; and the specimens thus mounted will serve as permanent records for the 
cabinet. 

The following are a few examples of the mode of specific description that I propose 
for adoption by naturalists who may investigate the Spongiadae. 

Grantia ciliata, Fleming. 

G. ciliata , Johnston. 

G. pulverulenta , Johnston. 

« 

Sponge elongately oval, rarely globular, slightly pedicelled ; surface papillated, hispid. 
Cloaca central, cylindrical, nearly as long as the sponge ; armed internally with 
spiculated equiangular triradiate spicula ; spicular ray attenuated. Mouth of the 
cloaca armed with a thick ciliary fringe of very long and slender acerate spicula ; 
base of the fringe supported by large, short and stout fusiformi-acerate spicula. 
Oscula simple, very slightly depressed from the surface of the cloaca, as numerous 
as the interstitial cells. Pores inconspicuous. Interstitial cells: distal termina- 
tions more or less obtusely conical, furnished with a ciliary fringe of slender acerate 
spicula. Skeleton-spicula equiangular triradiate. 

Colour cream-white. 

Hab. Coasts of Great Britain ; parasitical on fuci ; littoral to 8 or 10 fathoms or more. 

Examined alive. 


Pachymatisma Johnstonia, Bowerbank. 

llalichondria Johnstonia, Trans. Mic. Soc. London, vol. i. p. 63, pi. 6 ; Johnston's 
Hist. Brit. Sponges, p. 198. 

Sponge massive, sessile ; surface smooth, undulating into ridges. Oscula simple, con- 
gregated on the elevations. Pores inconspicuous. Dermis crustular, filled with 
ovaria. Dermal membrane pellucid, abundantly spicular ; spicula fusiformi-cylin- 
drical, tuberculated, minute. Intermarginal cavities immersed in the dermal crust, 
separate, symmetrical, subcylindrical, valvular at proximal end. Connecting spicula 
attenuato- or cylindro-ternate ; radii variable in form and proportions. Skeleton- 
spicula cylindrical, variable in form and proportions. Spicula of sarcode attenuate- 
stellate; radii incipiently spinous, rarely fully spinous, or obtuse. Ovaria. oval, 

tf 

depressed. 

Colour: littoral specimens light to dark slate-grey; deep-sea specimens pink <?r red. 
(Captain F. W. L. Thomas, It.N.) 
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Ilab. Rocks between high and low water mark. Torquay. Gouliot Caves, Sark. Coast 
of Ireland ( J. S. Bowerbank). Orkney Islands, thirty-five fathoms ( Captain F. W. L. • 
Thomas, R.N.). Wick, Scotland (C. W. Peach). 

Examined in the live state. 

Tethea cr^ium, Lamarck. 

Tethea cranium , Johnston. 

Sponge ovoid or subspherical, sessile surface even, strongly hispid. Dermal coat thick, 
abundantly furnished with short, stout, fusiformi-acerate spicula surrounding the 
large defensive fasciculi at various angles to their axes ; also profusely furnished 
with minute sigmoid bihamate spicula, dispersed irregularly. Dermal membrane 
thin, pellucid. Oscula and pores inconspicuous. Spicula of the skeleton fusiformi- 
acerate, large and long. Defensive spicula external, collected in fasciculi; fusi- 
formi-acq^te, large and long, fusiformi-porrecto-temate, and a few fusiformi- 
recurvo-temate very long and slender. Sarcode abundantly furnished with minute 
sigmoid bihamate spicula. Gemmules lenticular, surface smooth, very tough and 
strong; of two distinct sorts: the first furnished abundantly with slender fusi- 
formi-acerate spicula radiating in fasciculi from !he centre to near the surface of 
the gemmule; the second furnished abundantly with slender fusiformi-acerate, 
slender unihamate attenuated, and with short slender porrecto-temate spicula, 
mixed in fasciculi which cross each other irregularly. 

Colour pallid green. 

Hab. Island of Fulah (Jameson). Haaf Banks, Shetland (Barlee and Bowerbank). 

Examined in the fresh state. 

In the specimens of specific descriptions which I have given above, there are fortu- 
nately numerous characteristic points by which we may readily separate them from their 
congeners ; but this abundance of characters does not always exist. Thus in Halichondna 
caduca we find the structures so few and simple, as to render their description exceed- 
ingly difficult and unsatisfactory. 

Halichondria caduca, Bowerbank. 

Sponge massive, sessile, surface rugged. Oscula simple, small, dispersed, numerous. 
Pores inconspicuous. Dermal membrane aspiculous, pellucid, thin. Spicula of 
skeleton acerate, rarely acute. Interstitial membranes thin, translucent ; spicula 
acerate, slender. Sarcode abundant. 

Colour light grey. 

Hab. Tenby (Mrs. Brett). , 

Examined in the dried state. 

Fortunately these cases of extreme paucity of characters are very few in number. 



1134 


DK. J. S. BOWEBBANK ON THE ANATOMY 


Explanation of the Plates. 

PLATE LXXII. 

Fig. 1. Grantia. A longitudinal section qf a portion of one side of a specimen of 
Grantia ciliata , exhibiting the structure and mode of disposition of the inter- 
stitial cells, X 108 linear : page 1098 : see also Part II. Plate XXXIII. fig. 1, 
for interstitial cells. 

Fig. 2. Leucosolenia botryoides. Two branches exhibiting the simple fistulosc structure 
of the sponge, X 50 linear: page 1094. 

Fig. 3. Leuconia nivea. A longitudinal section of one of the mammiform portions, 
exhibiting one of the great cloacal cavities of the sponge and its internal 
defensive spicula, x50 linear: page 1094. 3 «, figure of a sponge, natural 

size. 

Fig. 4. Leucogypsia Gossei. A section at right angles to the surface, exhibiting the 
mass of irregular interstitial structure, X 50 linear : page 1095. 

Fig. 5. Geodia Barretti. A section at right angles to the surface, exhibiting the radial 
disposition of the fasciculi of the skeleton, and a portion of the dermal crust 
of the sponge, x 50 linear: page 1098. 

Fig. 6. Pachymatisma Johnstonia. A section at right angles to the surface, exhibiting 
the irregularity of the interstitial structures directly beneath the dermal crust, 
X50 linear: page 1101. 


PLATE LXXIII. 

Fig. 1. Ecimemia acervus , Bowerbank, MS. A section at right angles to the surface, 
exhibiting the radial fasciculi of the peripheral system, with the temate apices 
of the spicula directly beneath the dermal membrane, X 50 linear : page 1101. 

Fig. 2. Polymastia robusta, Bowerbank, MS. A view of a small portion of the side of 
one of the large cloacee, exhibiting the structure and mode of disposition of 
the longitudinal skeleton-fasciculi, x25 linear: page 1104. 

Fig. 3. Halyphysema Tumanowiczii, Bowerbank, MS. A complete sponge, based on the 
stem of a Zoophyte, exhibiting the irregular longitudinal disposition of the 
skeleton-spicula, X 175 linear: page 1105. 

Fig. 4. Oiocalypta. Representing a longitudinal section through the central axis of one 
of the elongate cloacal portions of the sponge, exhibiting the central column 
with the small cylindrical pedicels or short fasciculi of closely packed spicula, 
each terminating at the inner surface of the dermis of the sponge, natural 
size: page 1105. 

Fig. 5. A section of the specimen represented by fig. 4, at about the middle of the 
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cloacal column, exhibiting the mode of the radiation of the distal ends of the 
small pedicels on the inner surface of the dermis, X25 linear: page 1105. 

Fig. 6. Tethea Lyncurium. Section at right angles to the surface, exhibiting the corym- 
bose mode of expansion of the radial fasciculi of the skeleton near the surface 
of the sponge, x50 linear: page 1106. 

Fig. 7. Dictyocylindrus ramosa. A section through the axial column, showing the elongo- 
reticulate structure of the skeleton of the sponge, x50 linear: page 1108. 

Fig. 8. Diplodemia vesicula. A small portion of its compound reticulate skeleton, 
exhibiting the intermixture of the spiculo-reticulate skeleton with the hetero- 
spiculate fibrous one, xl08 linear: page 1117. 


PIATE LXXIV. 

Fig. 1. PliaJcetlia ventilabrum. A longitudinal section of one of the primary radial 
lines of skeleton structure, exhibiting the slender secondary radiation of the 
skeleton, x50 linear: page 1108. 

Fig. 2. Microciona atrosanguinea. Exhibiting the columnar structure of the skeleton, 
Xl08 linear: page 1109. 

Fig. 3. Hymedesmia Zetlandica. Exhibiting the disjoined fasciculi of the skeleton in 
* situ , X 108 linear: page 1110. 

Fig. 4. Halicnemia patera. A portion of a section at right angles to the surface, exhi- 
biting the mode of disposition of the spicula of the skeleton, X 25 linear : 
page 1107. 

Fig. 5. A portion of the same section, taken at a, fig. 3, Xl08 linear: page 1107. 

Fig. 6. Hymeniacidon caruncula. Exhibiting the dispersed condition of the skeleton 
spicula on the interstitial membranes of the sponge, X 108 linear : page 1111. 

Fig. 7. Halichondna incrustans. Exhibiting a better type of the skeleton structure of 
the genus than Ilalichondria panicea, x50 linear: page 1113. 

Fig. 8. Isodictya Normani. Exhibiting the regular and nearly rectangular structure of 
the network of the skeleton of spicula, xl08 linear: page 1114. 

Spongilla. Agrees perfectly in the structure of the skeleton with Isodictya , 
but is distinguished from that genus by the peculiarities of the reproductive 
organs. See figures of Isodictya , Plate LXXIV. fig. 8, page 1115. 

Fig. 9. Spongia. Showing the irregularity of the disposition of the keratose fibre, 
X50 linear: page 1119. 

Fig. 10. Spongionella. Exhibiting the nearly rectangular mode of disposition of the 
primary and secondary keratose fibres of the skeleton, x 50 linear : page 1119. 

Fig. 11. Halispongia. Showing one of the large primary keratose fibres, containing 
siliceous spicula, and the irregular system of small aspiculous keratose fibres, 
Xl76 linear: page 1120. 
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in a glacier may be produced, 705 ; veined structure, 714 ; intensity of forces employed in disloca- 
tion, 730; possible colloidal condition of ice, 744. 


I. 

Ice, in glaciers, 677 (see Hopkins). 

J. 

Jenkin (F.). Experimental Researches on the Transmission of Electric Signals through Submarine 
Cables. — Part I. Laws of Transmission through various lengths of one Cable, 987.— -Appendix i 
Mathematical theory of Professor W. Thomson, 1011. 
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Joule (J. P.) and Thomson (W.). On the Thermal Effects of Fluids in Motion. — Part IV., 679. — 
Experiments, 579; deduction of equation of elasticity, 586. 


K. 

Kirk man (T. P.). On the Theory of the Polyedra, 121. — Contents of sections 1 to 21, 121 ; eeetkm 1, 
on the symmetry of polyedra, 122 ; section 2, problem of classification end enumeration of the 
P-edra Q-acra, 156. 

L. 

Larixinic acid, larixine, 53. 

Lines, differential coefficients, &c. of, 469 (see Cohen). 


M. 

Magnetic disturbances, 621 (see Stewart) ; magnetic calms, 208 (see Walker). 

Magnetic properties of iron, 273 (see Airy). 

Mallet (It.). Appendix to the Account of Earthquake- wave Experiments made at Holyhead, 663. 

Mattiiikssen (A.) and M. von Bose. On the Influence of Temperature on the Electric Conducting 
Power of Metals, 1 . 

Merrifield (C. W.). On a New Method of Approximation applicable to Elliptic and Ultra-elliptic 
Functions (Second Memoir), 417. 

Miller (W. A.). On the Photographic Transparency of various Bodies, and on the Photographic 
Effects of Metallic and other Spectra obtained by means of the Electric Spark, 861. — Absorption 
of the chemical rays by transmission through solids, 863 ; through liquids, 870 ; through gases and 
vapours, 871 ; by reflexion, 875 ; photographic effects of the spectra of metals and alloys taken in 
air, 876 ; in other gases, 883. 

Mollusks ( lamellibranchiate ), aquiferous and ovidueal system in, 29. 

Mortality, law of, 511 (see Com pert/). 

Muscle, striped, distribution of nerves to, 889 (see Beale). 


N. 

Nerves, distribution of, to the elementary fibres of striped muscle, 889 (see Beale). 

O . 

Owen (R.). On the Dicynodont ltcptilia, with a Description of some Fossil Remains brought by H.R.H. 
Prince Alfred from South Africa, November 1860, 455. — Ptychognathus Alfredi, 456 ; Dicynodon 
tigriceps, 459 ; on the pelvis of the Dicynodon, 462 ; Rhynchosaurus articeps , 466. 

Oxidation and disoxidation effected by alkaline peroxides, 83 7. 

Ozone, 84. 

P. 

Penoelly (W.). The Lignites and Clays of Bovey Tracey, Devonshire, 1019. 

Peroxides, alkaline, oxidation and disoxidation effected by, 837. 

Photography, application of, to observation of a solar eclipse, 333 (see De la Rue). 

Polyedra, on the theory of the, 121. 

Pressures and tensions in a constrained solid, 690. 

Probabilities, on the theory of, 225. 
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Quadrumemtc, cerebrum of, 185. 

R. 

Radiation of heat by gases , 59. 

Reflecting power of bodies for invisible rays, 600, 875. 

Rhynchosaurus articeps, 466. 

Robertson (C.) and Rolleston (G.). On the Aquiferous and Oviducal System in the Lamellibranchiate 
Mollusks, 29. 

Robinson (T. R.). On Spectra of Electric Light as modified by the Nature of the Electrodes and the 
Media of Discharge, 939. — Discussion of results, 974. 

Rolleston (G.) and Robertson (C.). On the Aquiferous and Oviducal System in the Lamellibranchiate 
Mollusks, 29. 

Russell (W. H. L.). On the Calculus of Symbols (Second Memoir), 253. 

On the Calculus of Functions, 265. 


S. 

Signals, transmission of, through submarine cables, 987. 

Spectra of metals and gases, visible rays, 939 (see Robinson); invisible rays, 599 (see Stokes); 861 
(see Miller). 

Spectrum of carbon (sec Carbon) ; of electric light (see Electric Light). 

Spinal cord, development of, in Man, &c., 911. 

Spongiada, anatomy and physiology of, 747, 1087 (see Bowerbank). 

Spottiswoode (W.). On the Contact of Curves, 41. 

— On the Calculus of Symbols, 99. 

Steam, superheated, on the law of expansion of, 591. 

Stenhouse (J.). On Larixinic Acid, a cry stall izable volatile principle found in the Bark of the Larch 
Tree, 53. 

Stewart (B.). On the Nature of the Forces concerned in producing the greater Magnetic Disturbances, 
621. — Note by W. Thomson, 637. 

•Stokes (G. G.). On the Long Spectrum of Electric Light, 599. — Introduction, 599 ; fluorescent screen, 
602; metallic lines, 603; absorption by alkaloids, &c., 606; minerals, 610; broad electrodes, arc 
discharge, 615; heating of electrodes, 618. 

Symbols, calculus of, 99 (see Spottiswoode) ; 253 (see Russell). 

T. 

Tate (T.) and Fairbairn (W.). On the Law of Expansion of Superheated Steam, 591. 

Telegraph submarine cables, transmission of signals through, 987. 

Thermal effects of fluids in motion, 579 (see Joule). 

Thomson (W.), Note on the Electromotive Force induced in the Earths Crust by Variations of 
Terrestrial Magnetism, 637. 

- ■ Note from, relative to the Mathematical Theory of the Transmission of Signals through 

Submarine Cables, 1011. 

Thomson (W.) and Joule (J. P.). On the Thermal Effects of Fluids in Motion, 579 (see Joule). 

Transparency, photographic, of bodies, 861 (see Absorption). 
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Tschirnhausen's transformation, 561. 

Tyndall (J.). On the Absorption and Radiation of Heat by Gaseous Matter. — Second 'Memoir, 59. 

V. 

Veined structure of ice, 714. 

Von Bose (M.) and Matthiessen (A.). On the Influence of Temperature on the Electric Conducting 
Power of Metals, 1. 

W. 

Walker (C. V.). On Magnetic Calms and Earth-Currents, 203. 
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Dcnkrcdo auf Gotthilf Heinrich v. Schubert, von A. Wagner. 4to. Miinchen 

1861. 

Gedachtnissrcde auf Friedrich Tiedemann, von T. L. W. Bischoff. 4to. Mun- 

then 1861. 

Denkrode auf G. T. v. Rudhart, von K. A. Muffat. 4to. Miinchen 1861. — — — - 

IJeber Briefs teller und Formelbucher in Deutschland w&hrend des Mittal- ■■■■■■ ■■ ■ ■■■ 
alters, von L. Itockingor. 4to. Miinchen 1861. 

Ueber die laage Dauer und die Entwickelung des chinesisehen Reiches^ von 

J. H. Plath. 4to. Miinchen 1861. 

Zum Gedaohtniss an Jean Baptiste Biot, von C. E. P. von Maxtius. 4to. 1 . 

Miinchen 1862. 
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Dokobs. 


Presents. 

ACADEMIES and SOCIETIES (continued). 

Neuchatel : — 

Memoires de la Soci&d des Sciences Naturelles. Tomes I.-IY. 4to. Neuchatel The Society. 

1836-59. 

Bulletin. Tomes II., III., IV., V. (3 cahiers). 8vo. Neuchatel 1852-61. - 

Newcastle-upon-Tyne : — Tyneside Naturalists’ Field dub. Transactions. Tho dub, 

Vol. V. Farts 1, 2. 8vo. Newcastle 1801. 

New York : — 

Lyceum of Natural History. Annals. Vols. II., III., & VI. Nos. 6 & 7 ; Tho Lycoum. 

Vol. VII. Nos. 10-12. 8vo. Neto York 1828-01. 

Ecventy-thii'd and Seventy- fourth Annual Reports of tho Regents of tho Now York State library. 
University, 8vo. Albany 1860-61. 

Twelfth, Thirteenth, and Fourteenth Annual Reports of tho Regents of - — - ■ 

the University on the condition of the State Cabinet of Natural History. 

8vo. Albany 1859-G1. . . 

^Forty-second and Forty-third Annual Reports of tho Trustees of tho New 

York Stato Library. 8vo. Albany 1800-61. 

Guide to the Geology of New York and to tho Stato Geological Cabinet. By 

L. Lincklacn. 8vo. Albany 1861. 

Paris: — 

Comptcs Rendus dc 1’ Academic des Sciences. Tome LII. Nos. 24, 23 ; Tho Institute. 

Tome LIII. Nos. 1-27 ; Tome LIV. Nos. 1-22. 4to. Paris 1801-02. 

Table des Matiercs, Tomes LII. & LIII. 4to. Paris 

1861. 

Annalcs des Mines. 3 me Seric, Tomes III., V., VI. ; Table des Matieres, L’Ecolc des Mines. 

1832- 41 : 5 me Seric, Tome XVIII. Liv. 6 ; Tome XIX. Liv. 1-3 ; Tomo 
XX. Liv. 5, 6 : 6 m# Seric, Tome I. Liv. 1. 8vo. Paris 1833-02. 

Connaissunce des Temps ou des Mouvements Celestes, a l’usago des Astro- Lc Bureau des Longitudes. 

nomes et des Navigateurs. 1857, 1862, 1863. 8vo. Paris 1854-61. 

Archives du Museum ^’Historic Naturelle. Tome X. Liv. 3, 4. 4to. Paris The Museum. 

1861. 

Societe d’Encouragement pour l’lndustrie Nationale. Bulletin. Tomo VIII. Tho Society. 

Nos. 100-108; Tome IX. Nos. 100-111. 4to. Puns 1861-62. 

Societe de Geographic. Bulletin. 5 m * Serie. Tomes I. & II. 8vo. Paris 1861. Tho Society. 

Societe Geologiquo. Bulletin. 2 me Serie. Tome XVII. Fouillcs 53-57 ; The Society. 

Tomo XVIII. Fcuillcs 13-43; Tome XIX. Feuilles 1-12. 8vo. Paris 
1860-62. 

Societe Univcrsello d’Ophthalmologie siegcant h Paris. Constitution ldgalc ; Tho Society. 

Premiere Liste des Membres Fondateurs. 8yo. Paris 1861. 

Pest : — 

Magyar Tudomunyos Akadcmia. livkonyv, Vols. I.-X. 4to. Pest & Buddn Tho Hungarian Academy of 

1833- 60. Scioncos. 

— — Tudom4nyt4r. Vols. I.-XXV. 8vo. Buddn < ■ 

1834- 44. 

« 

Termdszottudomdnyi Pdlyamunkdk. Kotet — ■ ■ 

1-3. 8vo. Buddn 1837-44. 

— - " Torvenytudomiinyi Pflyamunkdk. Kotet 

1,2. 8vo. Buddn A Pesten 1841-44. 
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Presents. 

ACADEMIES and SOCIETIES ( continued ). 

Post : — 

Magyar Tudomtinyos Akadomia. Tbrtenettudomdnyi Pdlyamunkdk. Kotct 
1, 2. 8vo. Biiddn 1841-42. 

* — Mathematical Pdlyamunkdk. Kotct 1. 

8 vo. Buddn 1844. 


2. 8vo. Biiddn 1834-39. 


Buddn 1835. 


Nyclvtudomdnyi Pdlyamunkdk. Kotct 1, 

Philosophiai Pdlyamunkdk. Kotct 1. 8vo. 

■'■■■ " '■ Nyelv-es Szeptudomdnyi Osztdly Kozlonyc. 

Kotct 1. 8vo. Pest 1861. 

Mathcmatikai cs Tcrmeszettudomdnyi 

Osztalyok Kozlonyc. Kotct 1. 8vo. Pest 1860. 

Philosophiai Torvbny-es Tortcnettudo- 


mdnyi Osztalyok Kozlonyc. Kotct 1. 8vo. Pest 1860. 

Monumcnta Hungarian Ilistorica Diplo- 


mataria. 7 Vols. 8vo. Pest 1857-61. Seriptores. Vols. I.-VI., IX. 8vo. 
Pest 1857-60. 

Magyar TOrtcnelmi Tdr. 8 vols. 8vo. 


Pesten 1855-61. 


Biiddn 1838-46. 


Regi Magyar Nyelvemlekck. 4 vols. 4to. 

Codex Grtecus Quatuor Evangdiorura o 

Bibliotheca Universitatis Pestinensis cum Intcrpretatione Hungarica 
editus a Samuclo Mdrkfi. 4to. Pestini 1860. 

Do Tabulis Ceratis in Transsilvania re- 


portis. Commcntatus cst Joannes £rdy. 8vo. Pesthini 1856. 

— .■■■■. — Magyar Tdjszdtdr. Svo. Biiddn 1838. 

■ Kazinczy Ferenz' Ercdcti Munkiii. 2 vols. 


12mo. Biiddn 1836-89. 


jdrata. 8vo. Pest 1857. 


— Kiss Kdroly,— Hunyadi Janos Utolso Had- 

Knauz Ndndor — Az Orzagos Tanacs cs 

Orszdggyulesok Tbrtcncto, 1445-1452. Svo. Pest 1859. 
Gegb Elek — A' Moldvai Magyar Telepc- 


krol. 8vo. Biiddn 1838. 


1839. 


4to. Pest 1859. 


fiizet. 8vo. Biiddn 1842. 


Polgdri cs Erkdlcsi Xcvclcs. Svo. Biiddn 


Akadcraiai Emlekkbnyv, Oct. 27, 1859. 
Felsobb Egyenlctck egy Ismcretlcnnel elso 
A' Felsobb Analysis' Elcmci irta Gybry 


Sandbr. Fiizot 1, 2. 4to. Biiddn 1840. 

... .ii. . . — , A' Magyar Nyelv Pondszero. 8vo. Biiddn 


1847. 


Statistikoi Kbzlemcnyok. Kotet 1. Fiizet 


1, 2; Kotot 2. Fiizet 1. 8vo. Pesten 1861. 
MDCCCLXII. b 


Donors. 


The Hungarian Academy of 
Sciences. 
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Presents. 

ACADEMIES and SOCIETIES (continued). 

Post: — 

Magyar Tudomrinyos Akademia. Archteologiai Kozlemdnyek. YoL I. 8vo. 
Pesten 1859. 

— Magyar L&zld Ddl Afrikai TTtazisai 1849- 

1857 evekben. Yol. I. 8vo. Pesten 1859. 

Magyar L&zlo D4 Afrikai Lorelei es Na- 

pldkivonatai. 8ro. Pesten 1857. 

Magyar Leveies T ir. Yol. I. 8ro. Pesten 

1861. 

Melodies do Chants Hongrois hiatoriques, 

bibliques et satyriquos du xvi* siede, par G. Matray. 4to. Pest 1859. 
Philadelphia 

Academy of Natural Sciences. Journal. New Series. Yol. II. Parts 1-4 ; 

Vol. III. Parts 1-4 ; Vol. Y. Part 1. 4to. Philadelphia 1850-62. 
Proceedings. 1861, Sheets 5-36. 8vo. Phi- 
ladelphia 1 862. 

Franklin Institute. Journal. Nos. 426-437. 8vo. Philadelphia 1861-62. 
Prague : — 

Abliandlungen der konigl. Bohmisehen Gosellschaft dor Wissenschaftcn. 

Fiinftc Folge, eilfter Band. 4to. Pray 1861. 

Sitzungsbenchte. Jahrg. 1860, Jnli-Doc. ; 1861, Jan.-Dec. 8vo. Pray 
1860-61. 

Jahresbericht fur 1860. 8vo. Pray 1861. 

Magnctiseke und metcorologischo Beobachtungen zu Prag, von J. G. Bbhra 
und F. Karlinski. Zwei und zwanzigster Jalirgang. 4to. Pray 1862. 
Rome : — • 

Atti dell’ Accademia Pontificia de’ Nuovi Lincci. Anno XIII. Sess. 3, 4. 
4to. Roma 1860. 

Bullettino Meteorologico dall’ Osserratorio del Collegio Romano. Nos. 1, 3, 
4, 5 (Manifesto). 4to. Roma 1862. 

St. Louis : — Academy of Science. Transactions. Vol. I. No. 4. 8ro. St. Louis 
1860. 

St. Petersburg: — 

Academic Tmpdriale dcs Sciences. Memoires. Tome III. Nos. 1-12. 4to. 
St. Titer shoury 1860-61. 

' ■ ■■■■ ■■ Bulletin. Tome II. Nos. 4-8; Tome III. 

Nos. 1 - 8 ; Tomo IY. Nos. 1 &2. 4to. St. Pitershoury 1860-61. 
Stockholm : — 

Xongliga Svenska Vetenskaps-Akademiens Hondlingar. Bandet III. forsta 
Hiiftet. 4to. Stockholm 1859. 

Kongliga Svenska Fregatten Engenies Rosa omkring Jorden. 1851-63. 

Botanik II. ; Zoologi V. ; Fysik II. ; Physiquo II. 4to. Stockholm 1861. 
Ofversigt af Xongl. Vetenskaps-Akademiens Forhandlingar. Sjuttonde 
Argangen, 1860. 8vo. Stockholm 1861. 

Rtonyhurst Observatory: — Meteorological Report for the year 1861. 12mo. 
Clitheroe 1862. 

Toronto : — Canadian Institute. The Canadian Journal of Industry, Science, 
and Art. New Series. Nos. 34-38. 8vo. Toronto 1861. 


Donors. 


The Hungarian Academy of 
Sciences. 


The Academy. 


The Institute. 
The Society. 


The Observatory. 

The Academy. 
The Observatory. 
The Academy. 

The Academy. 


The Academy. 


The Observatory. 
The Institute. 
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Presents. 

ACADEMIE8 and SOCIETIES (continued). 

Toulouse: — Acad&nie Imperial© des Sciences, &c. Memoires. 6* Sene. 
Tome V. 8 to. Toulouse 1861. 

Turin: — Reale Accademia delle Scienze. Memorie. Scrie soeonda. Tomo XIX . 

4to. Torino 1861. 

Upsala: — 

Nova Acta Rogite Socictatis Scientiarum. Ser.3. Vol. III. 4to. Upsala 1861. 

— — " Arsskrift utgifvon af Kongl. Ve- 

tenskaps-Societeten. Arg&ngen IL 8vo. Upsala 1861. 

Utrecht : — 

Koninklijk Nederlandsch Mcteorologisch Instituut. Reizen van Australia 
naar Java, als uitkomsten van Wetcnschap cn Ervaring, aangaande 
Winden en Zeestroomingen in sommige Gedeelten van den Oceaan. 4 to. 
Utrecht 1862. 

— — ■ - ' — — - — McteorologischeWaar- 

ncmingen in Nederland en zijne Berittingen. 4to. Utrecht 1861. 

— — ■ De Wet der Stormcn 

gctoetst aan latere Waarnemingen. 4to. Utrecht 1862. 

Venice : — 

Istituto Veneto di Scion ze, Lettcro ed Arti. Memorie. VoL IV.; VoL V.; 
Vol. IX. Parte 3; Yol. X. Parto 1. 4to. Venezia 1852-61. 

Atti. Scrie terza. Tomo I.; 

Tomo II.; Tomo III. 'Disp. 1-7; Tomo LV. Disp. 5; Tc«no VL Disp.4-10; 

. Tomo VII. Disp. 1-3. 8vo. Venezia 1855-62. 

Vienna : — 

• Donkschriften der Kaiserlichen Akademic der Wissenschaftcn. Math.-Nat. 
Classo. Band III. Lief. 3 ; Biinde XIX. & XX. 4to. Wien 1852-62. 
Phil. -Hist. Classo. Band XL 4 to. Wien 1861. 

Sitzungsberichtc. Math.-Natur. Classe. Band XLII. Nr. 29 ; BandXLHI. 
Hefte 1-5 (2 Abth.); Band XLIV. Hefto 1-5 (2 Abth.). 8vo. Wien 
1861-62. 

. . . — — — . - Register zu den Biinden XXXI. bis XLII. 8vo. TF7enl862. 

Phil. -Hist. Classe. Band XXXV. Heft 5; Band XXXVI. 

Hefte 1-3 ; Band XXXVII. Hefte 1-4; Band XXXVIII. Hefte 1 & 2. 
8vo. Wien 1861. 

Almanach. Jahrgang 11. 8vo. TF/m 1861. 

Jahrbiicher der k.-k. Central- Anstalt fiir Meteorologie und Erdmagnotismus. 

Band VIII. Jahrgang 1856. Von Karl Krcil. 4to. TFtVn 1861. 

Jahrbuch der k.-k. Oeologischen Reichsanstalt. Jahrgang XI. No. 2; 

Jahrgang XII. No. 1. 4to. Wien 1860-61. 

Mittheilungon der k.-k. Qeographischon Gesollschaft. IV. Jahrgang, 1860. 
8vo. TTim 1860. 

Verhandlungen der k.-k.Zoologischen Gesellschaft. Jahrgangl660. BandX. 
Hefto 1-4. 8 vo. Wien 1860. 

Washington : — 

Smithsonian Institution. Smithsonian Contributions to Knowledge. Vol. XU. 
4to. Washington 1860. 

■ - » .i. Annual Report of the Board of Regents, for tho 

year 1869. 8vo. Washington 1860. 

b 2 


Donors. 
The Academy. 
The Academy. 

The Society. . 


The Institute. 


The Institute. 


The Academy. 


The Institute. 
Tho Institute. 
The Society. 
The Society. 

The Institution. 
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Presents. 

ACADEMIES and SOCIETIES (continued). 

Wurzburg : — • 

Wurzburger Naturwissonschaftliche Zeitschrift, heransgcgeben von dor Phy- 
sikalisch-Mcdicinischen Gescllschaft. Band II. Hcfte 1 & 2. 8vo. Wurz- 
burg 1801. 

Wurzburger Mcdicinische Zeitschrift. Band II. Hefte 3-0. 8vo. Wurzburg 
1861. 

Zurich : — 

Neue Dcnkschriftcn der Allgemeincn Schwcizerischen Gescllschaft. Bande 
XVII. & XVIII. 4to. Ziirich 1860-61. 

Verhandlungen, 43. Versammlung in Bern. 8vo. Bern 1859. 

Atti. Sessione 44. in Lugano. 8vo. Lugano 1861. 

ACLAND (H. W., F.R.S.) Report to the Radeliffe Trustees, on tho transfer of 
the ltadcliffc Libffcry to tho Oxford University Museum. 8vo. Oxford 
1861. 

AIRY (G. B., F.R.S.) Astronomical and Meteorological Observations made at 
the Royal Observatory, Greenwich, in 1859 and 1860. 2 Vols. 4to. 
London 1861. 

ANONYMOUS:— 

Almanaquo Nautico para el afio 1863, calculado do Orden dc S.M. en el Obscr- 
vatorio do Marina de la Ciudad de S. Fernando. 8vo. Cadiz 1861. 

Annual Report of the Progress of the several Surveys carrying on under tho 
Three Presidencies of India, 1859-60. fol. London 1861. 

Annual Report of the Trustees of the Museum of Comparative Zoology. 8vo. * 
Boston 1862. 

Calendar for 1862 of the Science and Art Department of the Committee of 
Council on Education. (2 Copies.) 

Catalogue of upwards of 50,000 Volumes of Ancient and Modern Books on 
sale by Willis and Sotheran. 8vo. London 1862. 

Catalogue of a very choice Selection of raro and valuable Books on sale by T. 
and W. Boone. 12mo. London 1862. 

Comptc Rendu des Operations de la Commission institute par le Ministrc de la 
Guerre pour <Halonner les regies qui ont etd employees en 1850-55 it la 
mesure des Bases Geodesiques Beiges. (2 Copies.) 4to. Bruxelles 1855. 
Eighth Report of tho Postmaster- General on tho Post Office. 8vo. London 
1862. 

Eighth and Ninth Annual Reports of the Trustees of the Public Library. 8vo. 
Boston 1860-61. 

Exposition Universclle h Londrcs en 1862. Notices sur les Modeles, Cartes et 
Dcssins rclatifs aux Travaux Publics. 8vo. Paris 1862. 

Flora Batava of Afbeehling en Beschrijving van Nederlandscho Gewassen. 
No. 185. 4to. Amsterdam, 

IIcrculancnBium Yoluroinum quae supersunt Collectio altera. Tomus I. Fasc. 
1-3. fol. Napoli 1861. 

Index to tho Catalogue of a Portion of the Public Library, arranged in the 
Lower Hall. 8vo. Boston 1858. 

Index to the Cataloguo of Books in tho Upper Hall. 8vo. Boston 1881. 
Introduction to Theosophy, or the Science of tho “Mystery of Christ.” Vol. I. 
8vo. London. 


Doxobs. 

The Society. 


. The Society. 


Tho Radcliffo Trustees. 


The Admiralty. 


The Observatory. 

♦ 

Tho Secretary of Stato for 
India. 

The Hon. E. Everett. 

The Science and Art De- 
partment. 

Tho Publishers. 

The Publishers. 

The Belgian Minister ofW ar. 

Tho Postmaster-Goncral. 

Tho Trustees. 

Tho Baron Baude. 

H.M. tho King of tho 
Netherlands. 

Tho Italian Minister of Pub- 
lic Instruction. 

Tho Trustees. 


The Editor. • 
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PBE8ENTS. 

ANONYMOUS (continued). 

Judicial Statistics, 1860. England and Wales. Parts I. & II. 4to. London 
1801. 

Memoir of Sir John Forbes ; reprinted by permission from the January num- 
ber, 1862, of tho British and Foreign Mcdico-Chirurgical Review, 8vo. 
London 1862. 

Notes and Materials for an adequato Biography of tho celebrated Divino and 
Theosopher, William Law. 8vo. London 1854. 

Observations Meteorologiqucs faites Ik Nijne-Taguilsk, annees 1858-60. 8vo. 
Paris 1861. 

Observations on tho Hausa and Fulfulde Languages, with Examples. 8vo. 
London 1861. 

Physiologic ou lo Systemo do la Nature. Extraits ct Fragments. 8vo. Bale 
1862. 

Programm dcs k.-k. Gymnasiums zuWarasdin, 1859-60. 4to. Agram 1859-60. 
Report of a Topographical and Geological Exploration of the Western Districts 
of tho Nelson Province, New Zealand. 8vo. Nelson 1861. 

Report of tho Joint Committee appointed by tho Board of Trado and the Atlan- 
tic Telegraph Company to inquiro into the Construction of Submarine Tele- 
graph Cables, fol. London 1861. 

Report of tho Commissioners of Patents for the year 1859. Arts and Manu- 
factures. 2 Vols. 8vo. Washington I860. 

Reports of Explorations and Surveys to ascertain the most practicable and 
economical Route for a Railroad from the Mississippi River to tho Pacific 
Ocean, in 1853, 1854 and 1855. Yds. I. and XII. Parts 1 & 2. 4to. Wash- 
ington 1855-60. 

Results of Meteorological Observations for Twenty Years, for Hobart Town, 
made at the Royal Observatory, Ross Bank, from Jan. 1841 to Dec. 1854, 
and at tho Private Observatory from Jan. 1855 to Dec. 1860. 4to. Hobart 
Town 1861. (Two Copies.) 

Royal (Tho) Gallery of Art, edited by S. C. Hall. Part 48. fol. 1861. 
Statement of the Type-setting Machine Company. Svo. Boston [f/.£'.J 1861. 
Statistical, Sanitary, and Medical Reports of the Army Medical Department, 
for 1859. Svo. London 1861. 

Statistique do la France. Dcuxieme Scrie. Tomo VIII. Statistique Agricole, 
2 * Partio, Tomo X. Mouvement de la Population pendant les annees 1855, 
1856 ct 1857. 4to. Paris 1860-61. 

Ucber Glaubcn und Wissen bei Gelegcnhcit ciner wissenschaftlichcn Anzcigc. 
Svo. Basel 1862. 

ARGELANDER (F. W. A., For. Mem. R.S.) Astronomischc Beobachtungen auf 
der Stemwarto zu Bonn. Biindo III. & IY. 4to. Bonn 1859-61. 

.. ■ ■ - - ■ Do Stella (i Lyrac variabili Com- 

mentatio altera. 4to. Bonnes 1859. 

. Atlas des niirdlichen gestimten 

Himmels fur den Anfang des Jahres 1855, entworfen auf der koniglichen 
Stemwarto zu Bonn. Lief. 5-7. fol. Bonn 1861. 

BAKEWELL (F. C.) Considerations respecting the Figure of the Earth in rela- 
tion to tho Aotion of Centrifugal Force. 8vo. London 1862. 


Doxobs. 

Tho Secretary of State for 
the Homo Department. 

A. C. Forbes, Esq. 

The Editor. 

Tho Prince Demidoff. 

Tho Author. 

Mons. C. lteuille. 

Dr. P. Matkovic. 

Tho Provincial Government. 

The Secretary of State for 
the Homo Department. 

Tho U.S. Patent Office, 
Washington. 

The War Department, U.S. 
Government, 

The Secretary of Stato for 
the Colonies. 

S. C. Hall, Esq. 

Mr. C. W. Felt. 

The Director-General. 

Mons. Legoyt, by Dr. Fan*, 
F.R.8. 

Mons. C. Reuille. 

The Author. 


Tho Author. 
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Presents. * 

BARBER! (A.) La Scienza nuova dell’ Armonia de’ Suoni. 4to. Milano 1861.' 

BEARDMORE (Nathaniel) Manual of Hydrology: containing, I. Hydraulic 
and other Tables; II. Rivers, Flow of Water, Springs, Wells, and Percola- 
tion ; III. Tides, Estuaries, and Tidal Rivers ; IT. Rainfall and Evapora- 
tion. 8vo. London 1862. 

BECQUEREL (E.) Recherches sur divers Effets luminous qui r&ultent de 
1’ Action de la Lumi6re sur les Corps. 3* Memoiro. Composition de la Lu- 
mi^re &nise. 8vo. Paris 1859. 

BEKE (C. T.) On the Mountains forming the Eastern Side of the Basin of the 
Nile, and the Origin of the designation “ Mountains of the Moon ” as 
applied to them. (Excerpt from Edinb. New Phil. Journal.) 8vo. Edin- 
burgh 1861. 

BELTRAMINI (F.) Lichenografia Bassanese. 8vo. Bassano 1 858. 

BIDDER (G. P., Jim.) The National Defences. (From Proc. Inst. Civ. Eng.) 
8vo. London 1861. 

BOARDMAN (Rev. C.) Catalogue of Books printed either in Gothic Letter or 
before the year 1551, forming part of the Library of Stonyhurst College. 
8vo. London 1862. 

BOND (G. P.) Spiral Character of the Great Nebula in Orion ; Outline of the 
head of the Comet of Donati, 1858. (Excerpts from Proc. Amer. Acad.) 
8vo. 1861. 

Great Comet of 1861 ; Account of the Comet II. 1861 (Con- 
tinuation). 8vo. 1861. 

— On the Companion of Sirius. (Excerpts from Amer. Joum.) 

8vo. 1862. 

BltODIE (Sir B. C., F.R.S.) Psychological Inquiries: the second part. 8vo. 
London 1862. 

BROUN (J. A., F.R.S.) The Bifilar Magnetometer, its Errors and Corrections. 
4to. Edinburgh 1861. 

. On the Horizontal Forco of the Earth’s Magnetism. 

(Excerpts from Trans. Roy. Soc. Edinb.) 4to. Edinburgh 1861. 

BRUNNOW (Dr. F.) Astronomical Notices. Nos. 23-28. 8vo. Ann Arbor 
1861. 

BUCKNALL ,(W. M.) Tho Rights of Neutrals and Belligerents from a Modem 
Point of Yiew. 4to. London 1862. 

BURROUGHS (W.) A few Remarks upon some important Points conducive to 
the Public Good. 8vo. 

Testimonials in favor of Mr. Burroughs’s Character. 8vo. 

Calcutta 1856. 

BUYS BALLOT (C. H. D.) Sur la Marche AnnueUe du Thermomdtre et du 
Baromctre en Necrlandc ct cn divers lioux de l’Europe d&luitc d’observa- 
tions simultanees do 1849 & 1869. 4to. Amsterdam 1861. 

CARPENTER (W. II, F.R.S.) On Binocular Vision and the Storeosoopo. 
(Excerpt’ from Brit. Joum. of Photography.) 12mo. Liverpool 1862. 

CASPARY (Rob.) De Abictincarum Can*. Floris feminei Structura morpholo- 
gica. 4to. Jlegimonti 1861. 

CASTELNAU (J.) M<?moiro Historique et Biographique sur 1’ ancUnme Sochltd 
Royale dcs Sciences do Montpellier. 4to. Montpellier 1858. 


Donobs. 
Tho Author. 
The Author. 

The Author. 

The Author. 

The Author. 
Tho Author. 

The Compiler. 

The Author. 


Tho Author. 
The Author. . 


The Editor. 
The Author. 
The Author. 


The Academy of Sdeneec. 

The Author. 

The Author. 

Tho Aoademy. 
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Presents. 

CASWELL (Alexia) Address before the American Association fox the Advanoe- 
ment of Science, August 1859. 8vo. 1859. 

■ " ■ ■ ■ ■ Meteorological Observations mode at Providence, R.I., 1831-60. 

(Excerpt from Smithsonian Contrib. to KnowL) 4to. Washington 1860. 

Lectures on Astronomy. 8vo. 

CH ALLIS (Rev. J., F.R.8.) Astronomical Observations made at the Observa- 
tory of Cambridge. Vol. XTX, 4to. Cambridge 1861. 

CHEVREUL (E., For. Mem. R.S.) Exposo d’un Moyen do ddfinir et do nom- 
mer les Couleurs d’apros ime methode precise ot experimental©. 4to. Pane 
1861. With Atlas. Ccrcles chromatiques. 4to. Paris 1861. 

CLARKE (J. L., F.R.S.) Uebcr den Bau dos Bulbus olfactorius und der Go- 
ruchsschleimhaut j nach dem englischen Monuscripte ins Deutscho iiber- 
setzt. 8vo. 

CLAUSIUS (R.) Uebcr die Anwendung des Satzes von dor .Equivalenz der 
Vcrwondlungen auf die innere Arbeit. 8vo. Zurich. 1862. 

COLMEIRO (Miguel) La Botanioa y los Botanicos de la Peninsula Hispano- 
Lusitana. 8vo. Madrid 1858. 

CORRIDI (Ph.) Do PEnseignoment supdrieur en Italie. 8vo. Florence 1862. 

CRACE-CALVERT (F., F.R.S.) On tho Improvements and Progress in Dye- 
ing and Calico-printing since 1851. (2 Copies.) 8vo. Manchester 1862. 

On tho Composition of a Carbonaceous Sub- 
stance existing in grey Cast Iron. (Excerpt from Journ. Chem. Soc.) 8vo. 
London 1862. 

CRACE-CALVERT (F.), JOHNSON (It.), and LOWE (G. C.) On tho Ex- 
pansion of Metals and Alloys. (Excerpt from Mechanics’ Magazine.) 8vo. 
London 1862. 

CRANBORNE (Viscount) Historical Sketches and Reviews. First Scries. 8vo. 
London 1862. 

CRESPI (M.) Trattato della Maluttia dominante nella Vegetazione. 8vo. 
Milano 1862. 

DARWIN (Charles, F.R.S.) On various Contrivances by which British and 
. Foroign Orchids aro fertilised by Insects. 8vo. London 1S62. 

DAUBENY (C., F.R.S.) On tho Tower ascribed to tho Roots of Plants of 
rojocting poisonous or abnormal Substances prosented to them. (Excerpt 
from Journ. Chem. Soc.) 8vo. London 1861. 

DAUBREE (A.) Experiences sur la possibility d’une infiltration capillairo au 
travers des maticres poreuscs, malgrd uno forto contreprossion do vapour. 
(Excorpt from Bull. Soc. Gdol.) 8vo. Paris 1861. 

DAYMAN (Lieut. J:) Beep-Sea Soundings in the North Atlantic Ocean, be- 
tween Ireland and Newfoundland, made in H.M.S. Cyclops in Juno and 
July 1857; botwcon Newfoundland, .tho Azores, and England, mado in 
H.M.S. Gorgon in September and Octobor 1858. 2 Vols. Svo. London 1859. 

DEAN (John) Microscopic Anatomy of the Lumbar Enlargement of the Spinal 
Cord. 4to. Cambridge [U.S.] 1861. 

DEBOUNY (W.) Uno Course dans les Cieux, 1" CEuvro d’un Essai d’Epopee 
Univorsollo. 12mo. Liige 1862. 

JDE LA RIVE (A., For. Mem. R.S.) Further Researches on the Auror® Bo- 
realcs. (Excerpt from Phil. Mag.) 8vo. London 1862, 
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Presents. 

DE MORGAN (A.) On tho Theory of Errors of Observation. (Excerpt from 
Camb. Phil. Soc. Trans.) 4to. Cambridge 1862. 

— Contents of the Correspondence of Scientific Men of the 

Seventeenth Century, printed in two volumes octavo 1840. 8vo. Oxford 
1862. 

DEWALQUE (G.) Sur la Constitution du Syst&me Eifelien dans le Bassin 
Anthraxifdre du Condros. (Excerpt from Bull. Acad. Sci. Belg.) 8vo. 

Bruxelles. 

DOTE (H. W., For. Mem. R.S.) Das Gesctz dcr Stiinne. 8vo. Berlin 1861 . 

Bcschreibung eines Photometers. 8vo. Berlin 

1861. 

EBELMEN (J. J.) Recuoil dcs Travaux scientifiqucs, revu et corrige par Sul- 
vetat, precede d’une notico sur Ebelmen par E. Chevrcul. 3 Yois. 8vo. Paris 
1855-61. 

EDWARDS (G. N.) Statistical Tables of the Patients under Treatment in tho 
Wards of St. Bartholomew’s Hospital during 1861. 8vo. London 1861. 

ELIOT (C. W.) and STORER (F. H.) On the Impurities of Commercial Zinc, 
with special reference to the residue insoluble in Dilute Acids, to Sul- 
phur, and to Arsenic. (Excerpt from Mem. Amer. Acad.) 4to. 1860. 

EXCKE (J. F., For. Mem. ll.S.) Berliner Astronomisches Jahrbuch fur 1864. 
8vo. Berlin 1861 . 

EVANS (John.) Flint Implements in tho Drift ; being an Account of Further 
Discoveries on the Continent and in England. 4to. London 1862. 

FEXIGTA (S.) Copin estratta dal primo dei dodcci volumi della Politica. 8vo. 
Napoli 1861. 

II Sogno, componimento cstratto dai manoscritti. 8vo. Napoli 

1862. 

Avviso. 8vo. 

FERGUSSON (Lieut. E. F. T.) Magnetical and Meteorological Observations 
made at tho Government Observatory, Bombay, in the year 1859. 4to. 
Bombay 1860. 

FERltEL (W.) The Motions of Fluids and Solids relative to the Earth’s Sur- 
face. 4to. New Yorlc 1860. 

FLAUTI (V.) Appcllo a tutte 1c University cospicue di Europa. 8vo. 

Gli Uomini illustri dell’ Italia una. 8vo. 

Rivista da un C'ittadino senza partito di tie eho si b operato per 

la pubblica Istruzionc del gia Regno di Napoli. 8vo. Bologna 1861. 

Giunta ad un Articolo del Giomale la Settimana del 7 Giugno 

1861. No. 51. 8vo. 

FOSTER (Frank) Number One, or the Way of the World; with a Colonial 
Directory. 8vo. London 1862. 

FRYAR (M.) Explosions of Fire-Damp in Coal Mines. 8vo. Glasgow 1861. 

— Sanitary Condition of Mines. 8vo. Glasgow 1861. 

GAUSS’s “ Theoria Motus.” Theory of the Motion of tho Heavenly Bodies 
moving about tho Sun in Conip Sections. A translation by C._H. Davis. 
4to. Boston 1857. 

GILL (Joseph). Essay on the TLerxo-Dynamic < of Elastic Fluids. 8vo. Lon- 
don 1861. 
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Tho Author. 

Tho Delegates of tho Uni- 
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Mons. E. Chevrcul, For. 
Mem. ll.S. 
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The Author. 
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Presents. 

GLOESENER ( — .) Traite General des Applications do l’Elcctricitc. Tome I. 
8vo. Paris 1861, 

GOLDST0CKER (T.) Mdnava-Kalpa-Sutra ; being a portion of this ancient 
work on Yaidik Rites, together with the Commentary of Kumdrilla-Swd- 
min ; with a Preface. 8vo. London 1801. 

GOULD (C.) Report on the Geology of the Coal Measures in Tasmania, fol. 
Hobart Town 1861. 

GRANT (R. E., F.R.S.) Tabular Yiow of the primary Divisions of the Animal 
Kingdom. 8vo. London 1861. 

GRIFFITHS (Rev. E. G.) Post Office Savings’ Banks; who originated the 
schemo ? and when ? Throe Letters to the Chancellor of the Exchequer. 
8vo. London 1862. ' 

. Second Edition. 8vo. London 1862. 

GUYOT (A.) On the Appalachian Mountain System. 8vo. Newhaven 1861. * 
IIAWKSHAW (John, F.R.S.) Address' on his Election as President of the In- 
stitution of Civil Engineers. 8vo. London 1862. 

HOGG (John, F.R.S.) Supplemental Notes on St. George the Martyr and 
George tho Arian Bishop. (Excerpt from the Trans. Roy. Soc. Lit.) 8vo. 
London 1861. 

H0RNES (M.) Dio fossilen Mollusken dcs Tcrtior-Beckcns von Wien. Band II. 
Nr. 3 & 4. 4to. Wien 1862. 

HUNT (T. S.) On the Theory of Types in Chemistry. (Excerpt from Canadian 
Journal.) 8vo. 1861. 

On some Points in American Geology. (Excerpt from Amcr. 

Joum. Sci.) 8vo. 1861. 

JACKSON (C. T.) Manual of Etherization ; containing Directions for tho Em- 
ployment of Ether, Chloroform, and other Ancesthctie Agents by inhalation 
in Surgical Operations. 12mo. Boston [JV.-fi 1 .] 1861. 

JAENISCH (C. F. do) Traitd des Applications de 1’ Analyse mathematique au 
Jcu des Echoes. 2 vols. 8vo. St. Pitersbourg 1862. 

JAMES (Sir H., F.R.S.) Ordnance Survoy. Abstracts of the principal lines of 
Spirit Levelling in England and "Wales. 2 vols. 4to. London 1861. 

Abstracts of the principal lines of 

Spirit Levelling in Scotland. Platos. 2 vols. 4to. London 1861. 

JENYNS (Rev. L.) Memoir of tho Rev. John Stevens Henslow. 8vo. London 
1862. 

JEVONS (W. S.) Some Data concerning the Climate of Australia and New 
Zealand. 8vo. Sydney 1859. 

JOHNSON (Edmund C.) Tangiblo Typography, or How the Blind read. 8vo. 
London 1853. 

. ■ . . — An Inquiry into the Musical Instruction of the Blind 

in Franco, Spain, and America. 8vo. London 1855. 

Tho Blind of London, reprinted from “ The Times.” 

8vo. London 1860. 

■ Tho Irish Pauper Blind, their present condition and 

future prospects. 8vo. London 1860. 

JOLY (N.) Notice sur les Travaux scientiflques de. 4to. Toulouse 1862. 
JOFLING (Jos.) A Key to Proportions of the Parthenon. 8vo. London 1855. 
MDCCCLXII. C 
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Presents. 

JOPLING (Jos.) An Impulse to Art, or ancient Greek practical principles for 
Volutes and Lines of Beauty innumerable. 8vo. London 1849. 

JOURNALS 

Annuaire du Cosmos. 4* Annde. 12mo. Paris 1862. 

Cosmos. Tome XVTII. liv. 25, 26, Title and Table ; Tome XIX. liv. 1-26, 
Title and Table ; Tome XX. liv. 1-24. 8vo. Paris 1861-62. 

Giornale per l’Abolizione della Pena di Morte : diretto da Pietro Ellero. II. 8vo. 
Milano 1861. 

Nederlandsch Xruidkundig Archief, Peel V. Stuk 2. 8vo. Amsterdam 1861. 

Norton’s Literary Letter. No. 4. New Series, No. 1. (2 copies.) 4to. New York 
1859-60. * 

The American Journal of Science and Arts. 2nd Series. Vol. XXXII. Nos. 
94-99. 8vo. Newhavtn 1861-62. 

The Athcnajum. June to December 1861 ; January to May 1862. 4to. London. 
The Builder. Nos. 959-1010. folio. Londo n 1861-62. 

The Chemical News. Nos. 81-92, 94-132. 4to. London 1861-62. 

The Critic. July to December 1861 ; January to June 1862. folio. London. 
The Entomologist’s Annual for 1862. 12mo. London 1862. 

Tho Entomologist’s Weekly Intelligencer. Vols. II.-X. 8vo. London 1857— 
1861. 

Tho Geologist, edited by S. J. Mackio. VoL IV. Nos. 43-48. 8vo. London 
1861. 

The Horological Journal. July 1861 to June 1862. Nos. 35-46. 8vo. London. 
Tho Intellectual Observer. Nos. 1-5. February to June. 8vo. London 1862. 
The Journal of Mental Science. Vol. VII. Nos. 39,40. 8vo. London 1861-62. 
The Literary Gazette. July to December 1861; January to April 1862. 4to. 
London 1861—62. 

The London Review, for the year 1861. folio. London. 

Tho Natural History Review. Vol. VI. No. 4; Nos. 25-28. 8 vo. London 
1859-60. 

The Philosophical Magazine. June to December 1861 ; January to June 1862. 
8vo. London. 

KANE (E. K.) Tidal Observations in tho Arctic Seas, reduced by C. A. 
Schott. (Excerpt from Smithsonian Contrib. to Knowl.) 4to. Washington 
1860. 

KINGSTON (G. S.) Register of the Rain Gauge kept in Grotc Street, Adelaido,' 
from Jan. 1839 to Dec. 1860. folio., Adelaide 1861. 

KIRCHHOFF (0*.) Researches on the Solar Spoctrum, and the Spectra of 
the Chemical Elements ; translated by H. E. Roscoe. 4to. Cambridge 1862. 
KIRKMAN (Rev. T. P., F.R.S.) On the Theory, of Polyedra. (Excerpt from 
Proc. Roy. Soc.) 8vo. London 1861. 

■ — — Theorems on Groups. (Excerpt from Proc. 

lit. and Phil. Soc. Manchester.) 8vo. Manchester 1861. 

On the Theory of Groups and many-valued 
Functions. 8vo. Manchester 1861 . 

KNIE (J. G.) Guide to the proper Management and Education of Blind Children ; 
translated by the Rev. William Taylor, F.R.S. 12mo. London 1861. 
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The Author. 
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The Editor. 

The Minister of the Interior 
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Mr. C. B. Norton. 
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Tho Editor. 

The Editor. 

The Editor. 

The Editor. 

H. T. Stainton, Esq. 


Tho Editor. 

The Editor. 

Tho Editor. 

The Editor. 

Tho Editor. 

Tho Editor. 

Dublin Univ. Zoological and 
Botanical Association. 

W. Francis, Esq. 

C. A. Schott, Esq. 


Sir Rowland Hill, F.R.8. 
The Translator. 

The Author. 


The Translator. 
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Pbesents. 

XOLUKER (A., For. Mem. R.8.) Entwickelungsgeschichte des Menschen und 
hfiharen Thiere. Zweite Halfte. Bogen 14-30. 8yo. Leipzig 1861. 

KUPFFER (A. T., For. Mem. R.S.) Annales de l’Observatoiro Physique Central 
de Russia. Annee 1868, Non. 1 & 2. 4to. St. Pitersbowrg 1861. 

* 1 - ■ 1 — Compte Rendu Annuel. Anndes 1869 A 

1860. 4to. St. Pitersbourg 1861. 

LAURENCE (J. Z.) Some Observations on the Sensibility of theEye to Colour. 
(Excerpt from the Glasgow Medical Journal.) 8vo. Glasgow 1861. 

TEA (J.) Observations on the Genus Unio. Vol. VIII. Part 2. 4to. Philadel- 
phia 1861. 

' Remarks on the Number of Unionidae, Ac. (Excerpt from Proc. 

Acad. Nat. Sci. Philad.) 8vo. 1862. 

Check List of the Shells of N. A. Unionidse. 8vo. 

Publications on Recent Conchology. 8vo. 1861. 

LENGLET ( — .) Notice Cosmologique. 8vo. Douai 1801. 

LE VERRIER (U. J., For. Mem. R.S.) Annales de l’Obeervatoire Imperial 
de Paris. Memoires : Tome VI. Observations : Tomes XIV. & XV. 4to. 
Paris 1861. 

LIHARZIK (F.) Das Gesetz des Wachsthumes und der Bau des Menschen, die 
Proportionslchre aller menschlichen Korpcrtheilo fiir jedos Alter und fur 
beide Geschlechter. folio. Wien 1802. 

The Law of Increase and the Structure of Man. Prospectus. 

4to. Vienna 1862. 

LTTTROW (C. von) Annalen der k.-k. Stomwarto'in Wien. Dritter Folge 
Band X. Jahrgang 1800. 8vo. Wien 1861. 

LITTROW (C. von) und HORNSTEIN (C.) Metoorologischo Beobochtungen an 
der k.-k. Stemwarto in Wien von 1775 bis 1855. Band II. (1797-1809). 
8vo. Wien 1861. 

LLOYD (Rev. H., F.R.S.) On Earth Currents, and their Connexion with the 
Diurnal Changes of the Horizontal Magnetic Needle. (Excerpt from Trans. 
Roy. Irish Acad.) 4to. Dublin 1862. 

LOWE (E. J.) Our Nativo Ferns and tlieir Varieties. Parts 2, 3, 4. 8vo. 
London 1862. 

LUBBOCK (Sir J. W., F.R.S.) On the Theory of tho Moon, and on the Per- 
turbations of Planets. Part 10. 8vo. London 1861. 

M c COSH (J.) On an Overland Route between Calcutta and China. 8vo. 1861. 

MAILLY (E.) Essai sur les Institutions Sciontihquos de la Grando-Bretagno 
et de Plrlando. 8vo. Bruxelles 1862. 

MAIN (R., F.R.S.) Astronomical and Meteorological Observations made at tho 
Radcliffc Observatory, Oxford, in 1868. Vol. XIX. 8vo. Oxford 1861. 

MAPS, ENGRAVINGS, Ac. 

Atlas Ecliptique de l’Observatoire Imperial do Paris. Sheets 5, 6, 41, 49, 
62,62. 

Maps of England from tho Ordnance Survey. England, North and South, 
2 maps. Maps of Counties, large, 61 sheets; small, 173 sheets, folio. 

Carta esprimento lo Stato dcll’Agro Pontino gia bonificato. 

Ellipse donnant les inclinaisons, les ddclinoisons et les intensites magnetiques 
de touto epoquo pour Paris. Paris 1861. 
c2 
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Presents. 

MAPS, ENGRAVINGS, &c. (continued) 

Geological Maps of Munsterland and Botuwe. Sheets 19 & 20 of the Map 

of the Netherlands. , 

• • • 

Mars, as seen with a Newtonian Equatoreal of 13 inches aperture, April 20th, 

1856, by Warren De La Rue. 2 Engravings. 

Engraving of tho great Comet of 1861, as seen with a Newtonian Equatoreal 

of 13 inches aperture, by W. De La Rue. 

Four Photographs of a Dissoction of a Chimpanzee’s Brain, by J . Marshall. 

Copper Medal in commemoration of “ Frcdericus Thiersch Philologus. Obiit 

Feb. 25, I860.” 

Gold Medal struck in commemoration of tho 50th Anniversary of tho Aca- 
demia Regia Norv. Fridericiana. D. II. Septbr. MDC'CCLXI. 

Marblo Bust of William Fairbaim, F.R.S., by Patrick Parko, Esq. 

MARSH (0. C.) Tho Gold of Nova Scotia. (Excerpt from Amer. Joum. Sci.) 

8vo. Boston 1861. . 

MARTINS (C.) Anatomie Philosophique. Osteologio comparee dcs Articulations 
du Coudo et du Gcnou chez les Mammiferes, les Oisoaux ot los Reptiles. 
(Exceipt from Mem. Acad. Montp.) 4to. Montpellier 1862. 

MATKOVIC' (P.) Topographischo Knrto des Gcbietes St. Michel (li Lcmmo in 
Istricn, gezeichnct von Fra Mauro, dem bcrUhmtosten Cosmographen dcs 
XV. Jahrhunderts. 8vo. Wien 1859. 

MELDRUM (C.) On the Hurricanes agd Weather in the Indian Ocean, 17-30th 
Jan., 6-18th Feb. 1860. 8vo. Mauritius. 

MILLER (W. A., F.R.S.) Elements of Chemistry, Theoretical and Practical. 

Part 3: Organic Chemistry. 8vo. London 1862. 

MILROY (Gavin.) The Health of the Royal Navy Considered, in a Letter to 
Sir John Pakington.* 8vo. London 1862. 

MOESTA (C. G.) Observacioncs Astronomicas hcchas cn el Obscrvatorio Na- 
tional do Santiago de Chile, 1853-55. 4to. Santiago de Chile 1859. 
MUELLER (F., F.R.S.) Essay on the Plants collected by E. Fitzalan during 
Lieut. Smith’s Expedition to tho Estuary of the Burdekin. folio. Melbourne 
1860. 

MUSPRATT (S.) Chemistry, theoretical, practical and analytical, as applied 
and relating to tho Arts and Manufactures. Vol. II. in 2 vols. 8vo. Glasgow 
1862. 

NEWTON (H. A.) Account of two Meteoric Firehalls observed in tho United 
States, Aug. 2 and Aug. 6, 1860, with computation of their paths. (Excerpt 
from Amer. JouA. Sci.) 8vo. 1862. * • , 

ORMEROD (G., F.R.S.) Strigulensia : Archaeological Memoirs relating to tho 
district adjacent to tho confluence of tho Severn and tho Wye. 8vo. London 
1861. 

OWEN (D.D.) Second Report of a Geological Reconnoissanco of the Middle and 
Southern Counties of Arkansas, made during 1859 and 1860. 8vo. Phila- 
delphia 1860. 

OWEN (RICHARD, F.R.!?) Paheontology, or a systematic summary of Extinct 
Animals and thoir goological relations. Second Edition. 8 vo. Edinb urgfi 1861. 
PAULA MARQUEZ (F. do) Momoria sobro el Eclipso do Sol de 18 do Julio 
1860. 8vo. Madrid 1861. 
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Presents. 

PAVY (F. W.) Researches on the Nature and Treatment of Diabetos. 8vo. 
London 1862 . 

PERCY (J., F.R.S.) Metallurgy: Fuol, Fire-Clays, Copper, Zinc, Brass, &c. 
8 vo. London 1861 . 

PETERS (C. A. F.) faeber dio Bcstimmung des Langenunterschiodes zwisclicn 
Altona und Schwerin. 4to. Altana 1861. 

PICTET (F. J.)^ Note sur la succession dos Mollusqucs Cdphalopodcs pendant 
l’epoquo crdtacee dans la region des Alpos Suisscs ct du Jura. (Excerpt from 
Archives Bibl. Univ. do Geneve.) 8vo. Genive 1861. 

PLANA (J., For. Mem. R.S.) Mdmoire sur l’Integration des liquations Diffe- 
rentielles relatives au Mouvemont des Comctes. 4to. Turin 1861. 

PLANTAMOUR (E.) Observations Astronomiques faites a l’Observatoiro do 
Gondve 1857-68. 4to. Geneve 1861. 

— - ' — Note sur les Variations periodiques do la Temperature et 

de la Pression atmospheriquo au Grand St. Bernard. 8vo. 

■■■ licsumd Meteorologique de l’Anneo 1860 pour Geneve 

ct le Grand St. Bernard. (Excerpt from Bibl. Univ. do Goi\eve.) 8vo. Gc- 
nlve 1861. 

PLtJCKER (J.) Uober die Einwirkung des Magnets auf die elektrisclio Entla- 
dung. 8vo. Bonn 1861. 

PRATT (H. F. A.) Tho Genealogy of Creation, newly translated from the 
unpointed Hebrew text of tho Book of Genesis, shewing the general Scientific 
Accuracy of tho Cosmogony of Moses and the Philosophy of Creation. 8vo. 
London 1861. 

PRICE (B., F.R.S.) Trcatiso on Infinitesimal Calculus. Vol. IV. : Tho Dyna- 
mics of Material Systems. 8vo. Oxford 1,862. 

PROUDFOOT (W. J.) “ Barrow’s Travels in China,” an investigation into tho 

Origin and Authenticity of tho “ Facts and Observations” in that Work. 
8vo. London 1861. 

QUETELET (A., For. Mem. R.S.) Observations des Phenomenes Periodiques. 
(Excerpt from Mem. Acad. Sci. Belg.) 4to. Bruxelles. 

. ■ Annales do l’Observatoiro Royal do Brux- 

elles. Tomo XIII. 4to. Bruxelles 1861. 

■ — — ■ — Annuairo, 29 e Annee, 1862. 12mo. Bru- 

xelles 1861. 

" ■- ■ . Observations do la Lime et des Etoiles do 

Culmination lunairo. 8vo. Bruxelles 1861. 

-■» - - - Sur la Statistiquo generalo des differents 

pays.* (Excerpts from Bull. Acad. Sci. Belg.) 8vo. Bruxelles 1861. 

QUETELET (A.) et HERRICK (E.) Sur les fitoiles Filantes. 8vo. Bruxelles 

1861 . 

QUETELET (A.) et SECCHI (A., For. Mom. R.S.) Sur lo Magndtismo ot sur 
l’lilectricite pendant les Oragcs. (Excerpt from Bull. Acad. Sci. Belg.) 8vo. 
Bruxelles 1861 . 

RANKINE (W. J. M., F.R.S.) A Manual of Civil Engineering. 8vo. London 
1862 . * 

REBDIE (J.) Vis Incrtito victa, or Fallacies affecting Science. 8vo. London 

1862 . 
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Presents. 

REGNAULT (V., For. Mem, R.8.) Relation dos Experience* pour determiner 
les Lois et les Donnees physiques necessaires au Calcul des Machines & fen. 
Tomo II. 4to. Parts 1862. 

REGNAULT, MORIN ET BRIX. Rapport sur les comparaisons qui ont 
eto faites ii Paris en 1859 et 1860 do plnsienrs kilogrammes en platme et en 
laiton avec le kilogramme prototype en platine des Archives Impdriales. 4to. 
Berlin 1861. 

RICHARDSON (Sir J., F.R.S.) Fishes (from the Museum of Natural History). 
8vo. Glasgow. 

ROBERTSON (Q.) On the Concrete used in the late extension of the London 
Docks. 8vo. 1860. 

Description of the Reclamation Embankment for the New 

Dry Dock at Leith. (Excerpts from Trans. Roy. Soot. Soc. Arts.) 8vo. 1861. 

An Investigation into tho Theory and Practice of Hydraulic 
Mortar. (Excerpt from Proc. Inst. Civil Engineers.) 8vo % London 1858. 
SALLERON (J.) Notice sur les Instruments de Precision. Two Parts. 8vo. 

Paris 1858—61. ,, 

SANTORELLI (N.) Ossorvazioni e Ricerche su le Fcbbri continue dell’ Indole 
dello rntermittenti. 8vo. Salerno 1856. 

SCHLAGINTWEIT (H., A., and R. de) Results of a Scientific Mission to India 
and High Asia between 1854 and 1858. Yol. I. 4to. Atlas of Plates, folio. 
Leipzig 1861. Yol. II. : General Hypsometry. Atlas. Part 2. folio. Leip- 
zig 1862. 

. (Another copy.) 

SCHYARCZ (Jules) Recherchcs sur les Theories geologiqucs dee Grecs. 8vo. 
Vienne 1861. 

— Lampsacusi Strato. Adalek a Tudomany Tortenetehez. 

1 Fiizet. 8vo. Pest 1861. 

A Fajtakerdes Szinvonala Harom ev Elott. 8vo. Pest 1861. 

Foldtani Elmdletek a Hell<:ns<ign<fi nagy Srfndor Koraig. 

1 Kcitet. 1, 2 Fiizet. 8vo. Pest 1861. 
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